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Chapter 1

General Introduction

1.1. Ga-exchanged zeolites for light alkane transformation

Heterogeneous catalysts are indispensable as key materials in the modern chemical industry to
promote and control chemical reactions and reduce the energy consumption in chemical processes,
including separation/purification. Among the heterogeneous catalysts, zeolites have been widely applied
in several chemical processes'® and environmental cleanups.””'> One of their features is a crystalline
microporous structure consisting of connections between corner sharing tetrahedral SiO4 units. Various
metal species can be incorporated into their frameworks to afford heteroatomic zeolites. When trivalent
metal species such as Al are incorporated, the frameworks possess a negative charge owing to the
isomorphic substitution of SiO4 units with AlO4 units (Al sites). To compensate for the negative charge,
extra-framework cationic species, such as H" and NH4" , are accommodated at the Al sites in zeolites.
These cations can be exchanged with metal cations to synthesize metal-exchanged zeolites, in which the
generated cationic species are isolated by zeolite pores. Zeolites have great potential to form unique active
metal species and their catalysis can be investigated to develop effective heterogenous catalysts. '3!3

Group 13 metal-exchanged zeolites have attracted considerable attention for light alkane
transformations, such as Cyclar process.'®'® Ga-exchanged MFI (Ga-MF]I) is one of the most widely
studied zeolites for light alkane transformations. Ono et al. synthesized Ga-MFIs using a liquid-phase ion-
exchange method and subsequently used it for the dehydrocyclodimerization (DHCD) of propane to
aromatics.'” To improve the activity of Ga-MFI by loading larger amounts of Ga species, reductive solid-
state ion-exchange (RSSIE) under H> flow was investigated.?® Several reduced Ga species, such as Ga*
cations and Ga-hydrides ([GaH]*" and [GaH2]"), are considered as catalytically active species for propane
(C3Hs) dehydrogenation (PDH) in the absence of an oxidant.?'* Two isolated Ga-hydrides are
distinguishable by Fourier-transform infrared (FTIR) measurement because their Ga-H stretching
vibration peaks are observed at different wavenumbers.?? Bell and co-workers reported that [GaH]*", as
opposed to [GaHz2]" ions, are active species by using a combination of kinetic, spectroscopic, and
theoretical studies,?* whereas Lewis—Brensted acid pairs (Ga* and H") have been proposed as active sites
by the Lercher’s group based on characterization and catalytic investigation of a series of Ga-MFIs with
different Ga/Al ratios and theoretical investigations.?> Various Ga-exchanged zeolites, including Ga-MFIs,
have been applied to the transformation of other light alkanes to aromatic compounds, dehydrogenation

of light alkanes, and reactions of CHs with light alkenes to produce higher hydrocarbons.?*?® Studies on
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the use of oxidized Ga species for alkane activation have also been reported. For example, the formation
and catalysis of Ga-oxo clusters during H>O-accelerated alkane dehydrogenation were discussed by
Hensen et al.?*° Regardless of whether they are reduced and oxidized, the reaction mechanism of alkane
activation over possible Ga species has been theoretically discussed.>' Several reaction pathways,
including alkyl, carbenium, or concerted mechanisms over possible reduced Ga cations (Ga* , [GaH]*",
and/or [GaHz] ) have been considered in the density functional theory (DFT) studies for non-oxidative
alkane dehydrogenation utilizing cluster models.’?>?** A recent study using a hybrid quantum
mechanics/molecular mechanics model provided reasonable activation barrier values similar to the
experimentally obtained ones where isolated Ga-hydrides were predicted to be more active than Ga*
cations.’! A few oxidized Ga cations, such as [GaO]" and [Ga202]*", were considered as possible active
sites for alkane dehydrogenation in the presence of oxidants.>* Based on this perspective, the speciation
of active Ga species in zeolites for light-alkane transformation based on a combination of experimental

and theoretical investigations is briefly introduced.

1.2. Ga-hydrides formation in MFI zeolites

Recent research has significantly advanced our understanding of hydrides in/on solid materials,
particularly in catalysis.**** Metal hydrides on solid supports are key in hydrogenation and
dehydrogenation reactions using heterogeneous catalysts.*>*° Despite their importance, the complex
surface structures of metals/metal oxides and the transient nature of metal hydrides make their analysis
challenging. Surface organometallic chemistry offers a way to design well-defined metal hydrides, but
high-temperature conditions often cause their thermal decomposition, limiting their catalytic applications.

Ga-loaded zeolites, specifically Ga-exchanged MFI (Ga-MFI), have emerged as promising catalysts
for light alkane transformations.'®'® Ga-MFI is prepared by immobilizing Ga203 on MFI, followed by H2
treatment. This process leads to various Ga species, both reduced (Ga" cations and isolated Ga hydrides)
and oxidized (Ga oxides), which are proposed as active sites for light alkane dehydrogenation.’!-3
However, Ga-oxide-based catalysts tend to deactivate quickly, while Ga hydrides show more activity
under reductive conditions. The presence of Ga hydrides was first suggested through in situ X-ray
absorption spectroscopy,’! and further detailed through in situ infrared spectroscopy,?? identifying
[GaH]*" and [GaH:]" ions. However, the detailed Ga speciation, including remaining Ga-oxides, and

dehydrogenation catalysis are yet to be extensively investigated.

1.3. Ga-hydrides in different zeolite frameworks

Zeolites are crystalline aluminosilicates with porous structures formed by tetrahedral SiO4 and AlO4



units. The substitution of Si** with AI** in these frameworks introduces a negative charge, balanced by
cations like protons. This feature allows for ion-exchange methods to introduce metal species, creating
metal-exchanged zeolites used in various catalytic reactions.’’ ¢ In the development of zeolite-based
catalysts, the framework type often affects the formation of active metal cation species, resulting in
different catalytic performances.®’’?

The formation of Ga-hydrides was first suggested by Iglesia’s group using in situ XAS. Subsequent
studies have focused on the speciation of these hydrides and their role in alkane transformations. Other
Ga catalysts supported by different zeolites have been explored. Buckles et al. studied Ga-exchanged Y
zeolites for propane dehydrogenation, finding lower activity compared to Ga-MFL>> Hensen et al. used
DFT calculations to study Ga-oxo cations in MOR zeolites, concluding that cyclic Ga202** ions are more
stable and effective for alkane dehydrogenation than isolated GaO" ions.*® Machado’s and Vazhnova’s
research further compared the activity of Ga-loaded zeolites in various reactions, highlighting the
versatility of these materials.”

Although a few examples of Ga species in zeolites have been reported, the effect of zeolite frameworks
on Ga-hydride formation and subsequent catalysis remains an unexplored area, presenting opportunities

for further research in this field.

1.4. In situ Ga K-edge XANES study of Ga-exchanged zeolite

Several research groups have investigated the formation of reduced Ga species in different ratios by
Fourier transform infrared (FTIR) spectroscopy using probe molecules as well as their relationship with
the dehydrogenation catalysis of Ga-exchanged zeolites.?> 2% 27-3! However, the pressure and temperature
for catalytic reaction conditions (atmospheric alkane flow conditions and >600 °C) are often different
from those for catalyst characterization (vacuum conditions, <300 °C). Besides, unreacted GaOx species
often remained especially in the Ga-MFIs prepared under high Ga loading and/or reported temperature
(500-600 °C), 2>™  which hinders the elucidation of active Ga species. Although the aforementioned
spectroscopic studies have provided important insights into the formation and presence of Ga hydrides
upon H: treatment, the characterization of Ga-exchanged zeolites under operating conditions has rarely
been investigated.

X-ray absorption spectroscopy (XAS) is a physicochemical characterization technique used to study
the local structure of materials because it is sensitive to the electronic structure of the targeted atoms. One
of the advantages of XAS over other characterization techniques is its applicability to in situ spectroscopic
studies under operational conditions, such as heterogeneous catalytic reactions.”” In the context of in situ

X-ray absorption spectroscopy (XAS) studies focused on Ga-exchanged zeolites, several research groups



have observed a lower-energy shift in the X-ray absorption near edge structure (XANES) spectra
following hydrogen (H:) activation, including during the reductive solid-state ion-exchange (RSSIE)
process. Iglesia et al. proposed the formation of Ga-hydride species based on the energy shift and
disappearance of the extended X-ray absorption fine structure (EXAFS) features,?! whereas the formation
of Ga" cations was considered by other research groups’®’””. Hock et al. recently discussed this shift in
XANES spectra based on organometallic model Ga complexes where the lower energy shift can be
ascribed to the formation of both reduced Ga species’®. Despite considerable effort devoted to XANES
studies on reduced Ga species in zeolites, their speciation (Ga® cations or Ga hydrides) remains

controversial.

1.5. Ga-zeolites for anaerobic ammodehydrogenation of ethane

Acetonitrile (CH3CN) production, typically a byproduct of propylene ammoxidation to acrylonitrile
(CH2=CHCN), depends heavily on acrylonitrile demand.”** An independent method for producing
CH3CN from abundant ethane (C2Hs) offers a promising alternative.®!% Previously, pioneering works by
Li and Armor®>%°! showed the selective formation of CH3CN by the ammoxidation of C2Hs (C2Hs+ NH3
+ Oz reaction) over Co-exchanged zeolites. Recently, Xiang et al. developed an alternative route: direct
CH3CN synthesis by the anaerobic ammodehydrogenation of C2He (C2He + NH3 reaction) over Pt- and
Co-Pt-loaded MFI zeolites.”>*> Although the formation of CH3CN from C:Hes and NH3 is
thermodynamically less favorable than the ammoxidation of C2Hs, Xiang et al. demonstrated that the
ammodehydrogenation method affords higher activity and selectivity to CH3CN than the conventional
ammoxidation process”. To date, only two catalysts (Pt/MFI and Co-Pt-loaded MFI) have been reported
for the ammodehydrogenation of C2He. °>** This highlights the challenges in developing efficient catalysts
for this new catalytic reaction.
Mechanistic studies by Xiang et al. showed a tandem dehydrogenation—amination—dehydrogenation
mechanism; the initial C2He dehydrogenation over the metal sites was followed by amination between
C2H4 and NH3 to form ethylamine (CH3CH2NH2), which underwent further dehydrogenation on the metal
sites. Our group reported a series of studies on the anaerobic dehydrogenation of C2He over Ga- and In-
loaded zeolites. Knowing the high dehydrogenation activity of these catalysts, we hypothesized that Ga-

and In-loaded zeolites could be effective catalysts for C2Hes ammodehydrogenation.

1.6. Constitution of thesis
Based on these backgrounds, this thesis investigates the speciation of active Ga species in zeolites

for selective ethane dehydrogenation and anerobic ethane ammodehydrogenation based on a combination



of experimental and theoretical investigations.
This thesis consists of the following 5 chapters. The outline of each chapter is as follows;

In chapter 2, the formation of Ga-hydride species in MFI zeolite and its superior activity for
non-oxidative dehydrogenation of ethane were investigated.

In chapter 3, the crucial role of zeolite frameworks in Ga-hydride formation and its impact on
ethane dehydrogenation catalysis were investigated.

In chapter 4, the findings from in situ XANES measurements under various conditions, and the
role of whiteline intensity in indicating the presence of hydride sources in Ga-exchanged zeolites were
investigated.

In chapter S, the production of CH3CN from C2He and NH3 using various Ga-loaded zeolites
and the superior performance of the Ga/HFER zeolite were investigated.

In chapter 6, the summary of each chapter and the outlook for further development.
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Chapter 2

High-loading Ga-exchanged MFI zeolites as selective and coke-resistant catalysts for
nonoxidative ethane dehydrogenation
2.1. Introduction
Hydrides in/on solid materials have garnered increasing attention and interest in various research
fields.!® In the field of catalysis, isolated metal hydrides on solid supports have been recognized as key
species for hydrogenation and dehydrogenation reactions using heterogeneous catalysts since the 1970s.”8

1016 and metal oxides'’*, Ha is cleaved in a homolytic or heterolytic manner to form metal—

On metals
hydrogen (M—H) bonds. However, their analysis is difficult owing to the complexity of the surface
structures of metals/metal oxides, as well as the instability of generated hydride species. In addition, the
elucidation of their catalysis is complicated because metal hydrides are often formed as transient species
during catalytic reactions. To design well-defined metal hydrides, an alternative method that utilizes
surface organometallic chemistry has been explored.?-?° Although various transition metal hydrides were
successfully synthesized, they were thermally decomposed under high-temperature conditions, thus

limiting their catalytic applications. The study of the formation and catalysis of surface metal hydrides

under high-temperature conditions is still a formidable task.

Ga-loaded zeolites, such as Ga-exchanged MFI (Ga-MFTI), have been utilized as promising catalysts
for light alkane transformations.**? Ga-MFI is typically prepared by immobilization of Ga203 on MFI
via impregnation of Ga(NO3)3 and calcination, followed by Ha treatment to promote reductive solid-state
ion-exchange (RSSIE) reactions. Various types of Ga species, including those reduced (Ga"* cations and
isolated Ga hydrides) and those oxidized (Ga oxides, [GaO]", and [Ga(OH)2]"), are possibly formed and
proposed as active sites for the dehydrogenation of light alkanes and several reaction mechanisms are
proposed. 373 Alkane dehydrogenation on Ga oxides has been explored regardless of differences in
structure and supports ***%; however, Ga-oxide-based catalysts often suffer from quick deactivation.
Under reductive conditions without any oxidant, Ga hydrides are considered to be more active sites than
Ga" cations. The presence of Ga hydrides was first proposed by Iglesia based on in situ X-ray absorption
spectroscopy (XAS) measurement of Ga-MFI with Ga/Al = ca. 0.3 under H> flow at around 500 °C.%’
Kazansky et al. revealed the structure of Ga hydrides formed in the H> treated Ga-MFI with Ga/Al = 1.0
using in situ infrared (IR) spectroscopy, where [GaH]** and [GaH:]" ions were identified and the
proportion of [GaH2]" increased by increasing the treatment temperature from 300 to 500 °C.*® However,

the detailed Ga speciation, including remaining Ga-oxides, and the dehydrogenation catalysis have not
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been extensively investigated. The effects of Ga/Al (0—1.7) and Si/Al ratios on the formation of Ga species
were determined by Xu et al. where the partially reduced Ga oxide (GaOx) oligomers/aggregation
remained for high Ga loading (Ga/Al > 0.45) after Hz treatment at 500 °C.*. Bell et al. prepared Ga-MFI
containing only Ga species via the vapor-phase ion-exchange reaction of H-MFI with GaCls (Ga/Al =
0.05—0.6) followed by H> treatment at 550 °C. [GaH]** ions were mainly formed in the Ga-MFI with a
low Ga/Al ratio of 0.2, and an increase in Ga/Al above 0.5, affording a mixture of [GaH]*" and [GaH2]"
ions.>® [GaH]*" ions are more active species than [GaH2]" ions for C3Hs dehydrogenation (PDH) although
[GaH2]" and [GaH]*" ions exhibited similar activities in C2He dehydrogenation (EDH).>!-2 Lercher et al.
investigated the Ga/Al dependency (Ga/Al = 0—1.5) of the reaction rate for PDH and compared it with
that of the amounts of Ga", Brensted acid sites (BASs), and GaOx oligomers. The medium loading Ga-
MFI with Ga/Al = 0.5 exhibited the highest reaction rate. The pair of Ga cations and BASs is proposed as
the active site for PDH, where [GaH]*" ions are formed from the Ga* cations-BASs pairs and thereafter
activate C3Hs.>® The similar conclusion was proposed by Xu et al.>* The formation of active Ga hydrides
([GaH]*" ions and H"-[GaH2]" pair) from Ga* cations with BASs under reductive conditions was also
discussed by Bell et al. > Aforementioned studies have mainly focused on the characterization and

dehydrogenation catalysis of low- to medium-loading Ga-MFIs 33-34:47.50-53

and the reports on the Ga-
MFIs with high Ga loading (Ga/Al = ca. 1.0) have been limited. *** The dehydrogenation catalysis of

high-loading Ga-MFTIs have been rarely explored.*®

We have recently reported the formation of isolated In-hydrides in the form of [InH2]" by high-
temperature Hz treatment of In-exchanged CHA zeolite (In-CHA) prepared via the RSSIE reaction. In-
CHA exhibited high selectivity owing to low coke formation and good durability for EDH, where [InH2]"
ions serve as the catalytically active sites rather than In* cations and [InH]** ions.> In contrast, Ga-CHA
exhibited low selectivity and durability owing to severe coke formation, although the apparent activation
barrier for dehydrogenation is much lower than that for In-CHA. The high selectivity of In-CHA can be
interpreted as the formation of [InH2]" ions rather than [InH]*" ions based on transition state (TS)
calculations. Our calculation results demonstrate that the in sifu generated BASs are relatively stable
during the EDH on [InH]*>" ions, whereas the reaction on [InH2]" ions does not involve the in situ
generation of BASs as stable intermediates. The abundance of in situ generated BASs for [InH2]" ions is
likely less than that of [InH]** ions, resulting in the low coke formation in the In-CHA-catalyzed EDH. A
similar difference in the reaction mechanisms between [GaH]*" and [GaH:2]" ions is also indicated by the

1.°° These mechanistic

comparison of the TS calculation for EDH by Ga-MFI in a recent paper by Bell et a
insights imply that controlling the formation of [GaH]*" and [GaH:]" ions influences the catalytic

performance of Ga-zeolites for EDH.
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In this paper, we aimed at investigating the effects of Ga loading amount and H: treatment
temperature on the Ga species, including isolated Ga hydrides, in Ga-MFIs as well as their catalysis in
EDH. [GaH]*" ions were preferentially formed in the low-loading Ga-MFI (Ga/Al = 0.3) treated with H>
at a conventional temperature of 550 °C (Ga-MFI-0.3(550)), whereas the high-loading Ga-MFI (Ga/Al =
1.0) treated at a high temperature of 800 °C (Ga-MFI-1.0(800)) afforded [GaH2]" ions as the major Ga
hydrides. It is also found that the high temperature Hz treatment of 800 °C was required to extensively
promote the RSSIE for high-loading Ga-MFIs and that the different H2 treatment temperature affects the
proportion of [GaH]*" and [GaH2]" ions in high-loading Ga-MF]Is. In EDH, Ga-MFI-1.0(800) exhibited
higher selectivity owing to much less coke formation compared to low-loading and medium-loading Ga-
MFIs. We also discussed the difference between Ga-MFI-0.3(550) and 1.0(800) in in situ XAS
N

measurements and kinetic study as well as the influence of different proportion of [GaH]*" and [GaH:]

ions in the EDH catalyzed by high-loading Ga-MFIs.

2.2. Experimental

2.2.1. Catalyst preparation

The Ga-exchanged MFI zeolite catalysts were synthesized by the reductive solid-state ion-exchange
method (RSSIE). First, a 1g NH4'-type MFI (SiO2/A1203 = 22.3, Tosoh) was mixed with Ga(NO)3;-nH20
(n = 7-9, Wako) in 50 mL of deionized water. The water was removed from the mixture by the rotary
evaporator under vacuum conditions. The resulting solid was dried in an oven and then calcined under air
flow at 500 °C for 1 h to give the Ga2O3-modified MFI zeolite. After that, the Ga20O3-modified MFI zeolite
was treated under 10% Hz/He flow at different temperature for 30 min, affording Ga-MFI-X(Y) where X
and Y denotes the Ga/Al ratio and H> treatment temperature. The Ga/Al value was determined on the basis
of the amounts of Ga(NO3)3-nH20 and MFI zeolite.
2.2.2 In situ FTIR measurement

In situ FTIR spectroscopy studies were carried out using a JASCO FT/IR-4600 spectrometer with a
mercury cadmium telluride (MCT) detector and a flow-type quartz IR cell connected to a flow system.
For characterization of Ga hydrides, the background spectrum was taken under 50 °C without catalyst in
He atmosphere. The IR pellet of Ga-MFI-X(Y) was in situ obtained through the preparation of self-
supported pellet of the corresponding Ga20O3-modified zeolite (Ga/Al = 0.3, 0.5, and 1.0) and set into the
IR cell followed by Ha treatment at different temperature (10% Hz/He flow at 550, 700 and 800 °C). Note
that the same amount (40 mg) of Ga-MFIs was used for these IR experiments regardless of different Ga
loading amount. The temperature was decreased to 50 °C under a H2/He flow and the FTIR spectrum was

recorded without exposure to air. After that, the sample was treated under He flow at 800 °C to decompose
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Ga hydrides and then the IR spectrum was recorded again at 50 °C. Subtracting the IR spectrum after He
treatment from the one before He treatment afforded the difference spectrum showing the peak derived
from Ga hydrides. For pyridine (Py) adsorption experiments, the IR pellet was made in sifu in the same
manner as described above and cooled down to 150 °C in Hz2/He atmosphere. Subsequently, purging with
He to remove the Hz and taking the background spectrum. Py was repeatedly introduced until the intensity
of the bands derived from adsorbed Py species reached its saturation and then purged with He, followed
by obtaining the IR spectra for adsorbed Py species. For NH3 adsorption experiments, after the in situ
preparation of IR pellet of Ga-MFI-X(Y), temperature was decreased to 50 °C under H2/He flow and then
purging by He to remove Ha. Prior to the NH3 adsorption (10% NHs/He), the background spectra were
obtained under He flow at 50 °C. The IR spectra were obtained after the saturation of the peak area for
adsorbed NH3 and purging with He for 15 min.
2.2.3. In situ XAS measurement

A Ga K-edge XAS measurement was conducted in transmission mode in the BL14B2 station
attached to a Si(311) monochromator at SPring-8 (JASRI), Japan (Proposal No. 2020A1695). The self-
supported disk of a Ga203-modified MFI (Ga/Al = 0.3 or 1.0) was prepared and then put in a flow-type
quartz cell with a flow reaction system was used. The XAS spectra were continuously recorded during
the RSSIE reaction under 10% H2/He flow with increasing the temperature from 200 to 550 or 800 °C.
Note that the same amount (80 mg) of Ga-MFIs was used for these IR experiments regardless of different
Ga loading amount. The absorption edge (Eo) was defined as the 1st inflection point.

2.2.3. EDH reactions

The catalyst test of C2Hes dehydrogenation over Ga-MFI-X(Y)) was carried out at 660 °C in flow type
reactor under atmospheric pressure conditions. Prior to the reaction, the corresponding Ga>03-modified
MEFTI catalyst with the loading of 0.1 g was pretreated with 10% Hz/He (10 mL/min) at different
temperature for 30 min. After purging with He to remove Hz, the gas reactant (10 mL/min of 10% C2He¢/He)
was introduced to the flow type system at 660 °C. The conversion, selectivity, and carbon balance were
determined by gas chromatography (GC) analysis which conducted by using Shimadzu GC-14B with a
flame ionization detector (FID) and a Unipack S column. The details for determination were described in
ESIj.

2.2.4. TPO measurement

TPO measurement was performed using BELCAT II (MicrotracBEL). 40 mg of the Ga-MFI-X(Y) after
2 h reaction was used for the TPO experiment. First, the sample was pretreated at 150 °C for 30 min under

He atmosphere. Then switching the gas flow to 2% O2/He (40 mL/min) and subsequently increasing the
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temperature to 800 °C at 5 °C/min. During the measurement, the CO2 generated through coke oxidation

(m/z = 44) was monitored by mass spectroscopy (BELmass, MicrotracBEL).

2.3. Results and Discussion
2.3.1. Characterization of Ga species by in situ FTIR spectroscopy

In situ FTIR spectroscopy of a series of Ga-MFI was performed to examine the different Ga hydrides in
MFT zeolites. In the previous literature, Ga-MFI was prepared conventionally under low to medium Ga
loading (Ga/Al = 0.3—0.5) and H: treatment at around 500—600 °C, and two types of Ga hydrides are
formed: [GaH]** and [GaH:]" ions.*® The Ga hydrides exhibit peaks assignable to Ga—H stretching
vibrations at around 2060 and 2040 cm’!, respectively. 4> A recent theoretical study supports these peak
assignments and shows that isolated Ga hydrides is kinetically trapped at high temperatures despite the
thermodynamically favored formation of Ga* cations ¢ although these vibration frequencies are higher
than those reported in inorganic Ga hydride complexes. 3% Even though a few reports on Ga speciation
for Ga-MFI with high Ga loading amount have appeared, 4% a high-loading Ga-MFI treated with H>

at higher temperatures has been rarely investigated.
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Fig. 1. Characterization of Ga species in Ga-MFI-X(Y) (X: Ga/Al ratio, Y: H2 treatment temperature). (a)
Difference IR spectra obtained at 50 °C without exposure to air. (b) IR spectra of adsorbed pyridine (Py)
species at 150 °C. (c) IR spectra of adsorbed NH3 species at 50 °C. The same amount (40 mg) of Ga-MFIs
was used for these IR experiments regardless of different Ga loading amount. For (a), the IR spectrum
after H» treatment at different temperature was recorded at 50 °C and then the sample was further treated
at 800 °C under He flow followed by cooling to 50 °C to record the spectrum. The difference IR spectra

were obtained by subtracting the spectra after He treatment from the ones after Hz treatment. For (b) and
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(c), the spectra were recorded after the saturation of Py or NH3 adsorption followed by He purge. Prior to

the adsorption experiment, the background spectra were taken under He flow.

The IR spectra were recorded at 50 °C after Hz treatment for 1 h at different temperatures. Afterwards,
the sample was treated under He at 800 °C for 1 h and subsequently cooled to 50 °C again to obtain the
spectra. The difference spectrum was obtained by subtracting the spectra taken after He treatment from
those taken after H2/He treatment for each sample (Fig. 1a, the wide-range spectra are shown in Fig. S1
in ESIt). The IR spectrum for Ga-MFI-0.3(550) exhibited a stronger band at 2063 ¢cm™' derived from
[GaH]*" ions with a weaker band at 2043 cm™! derived from [GaH2]" ions. For Ga-MFI-0.5(550), both
bands were clearly observed, where the band intensity derived from [GaH2]" ions is similar to that of
[GaH]*" ions. The increase in the Hz treatment temperature from 550 to 700 °C increased both bands in
intensity, indicating that the amount of both Ga hydrides were increased. When Ga/Al ratio was increased
from 0.5 to 1.0 (Ga-MFI-1.0(700)), the band for [GaH2]" ions became higher in intensity than that for
[GaH]*" ions. Upon further increasing the H» treatment temperature from 700 to 800 °C (Ga-MFI-
1.0(800)), the band intensity for [GaH]*" ions decreased, and the band derived from [GaH2]" ions was
mainly observed. In a separate experiment, Ga hydrides were regenerated by H> treatment of the He-
treated Ga-MFI-1.0(800) (See Fig. S2 in ESIT), confirming the decomposition of Ga hydrides by high-
temperature He treatment (800 °C) and the formation of Ga hydrides by high-temperature Hz treatment
(800 °C). To further support the formation of Ga hydrides, the exchange reaction with D2 was performed
for Ga-MFI-1.0(800). The main band derived from [GaD2]" ions and the minor band assignable to [GaD]**
ions appeared around 1460 and 1470 cm™!, respectively, with the negative bands for [GaH2]" and [GaH]*"
ions observed at 2043 cm™' and 2063 cm™. (Fig. S3 in ESIY), supporting the formation of [GaH]*" and
[GaH2]" ions by high temperature Hz treatment. The XRD measurements of a series of Ga-MFIs revealed
that the diffraction pattern of MFI zeolites was maintained (Fig. S4 in ESI{), which confirmed the

preservation of zeolite frameworks after RSSIE reactions.

Pyridine (Py) adsorption experiments were conducted to investigate other Ga species. BASs, Ga" cations,
and GaOx can be identified by the difference in frequencies derived from adsorbed Py species.**>* Lercehr
et al. extensively performed the pyridine adsorption experiments for Ga speciation in Ga-MFIs with a
wide-range of Ga/Al (0—1.5) prepared by Ha treatment at 600 °C. In their system, partially reduced Ga
oxide (GaOx) oligomers/aggregation remained for high Ga loading (Ga/Al > 0.5).% Xu et al. reported the
FTIR spectroscopic study for Ga-MFIs with a wider-range of Ga/Al (0—1.7). The temperature of H>
treatment for reductive solid-state ion-exchange (RSSIE) reaction was limited to 500 °C and GaOx
remained for high Ga loading (Ga/Al > 0.45).* The sample was prepared in situ under Ho/He flow in the
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same manner as described above and cooled to 150 °C under H2/He flow. After taking the background
spectra under He flow, Py was repeatedly introduced until the intensity of the bands for adsorbed Py
species reached saturation and thereafter purged with He, followed by recording the IR spectra. The
spectrum for Ga-MFI-0.3(550) (Fig. 1b) exhibited three peaks derived from Py on BASs, Ga" cations,
and GaOx at 1555, 1457, and 1446 cm™!, respectively.>® Note that other adsorbed Py species on strong

Lewis acid sites, such as AI*"

cations, or defect sites of zeolites also possibly contribute to the absorption
bands.>® For Ga-MFI-0.5, the higher temperature treatment resulted in higher peak intensities for Ga*
cations and GaOx, indicating that the reduction of Gax03 was facilitated. When the Ga/Al ratio was
increased to 1.0 (Ga-MFI-1.0(700)), the peak intensity for Ga* cations increased with the decrease of
other peaks for BASs and GaOx. A further increase in the Hz treatment temperature to 800 °C afforded
the highest peak intensity for Ga*, although the peak derived from GaOx was scarcely observed, indicating

that the RSSIE reaction almost completely occurred.

Furthermore, NH3 adsorption experiments were conducted to quantify the amount of the remaining BASs.
The in situ prepared samples were exposed to 10% NHs/He flow at 50 °C until the saturation of the peak
area for the adsorbed NH3 on the BASs (NH4")* at around 1450 cm™! and then purged with He for at least
15 min. Prior to NH3 adsorption, background spectra were obtained under He flow at the same temperature.
The amount of the remaining BASs was normalized by the peak area for NH4" in H-MFI, prepared by He
treatment of NH4-MFI at 700 °C. The IR spectra for NH3-adsorbed Ga-MFI-0.3(550) exhibited a moderate
peak for NH4", where the normalized area (denoted as H'/H 1-mr1) was calculated to be 70% (Fig. 1¢).
Considering the formation of [GaH]*" ions that are charge-compensated by paired Al sites and the
presence of remaining GaOx, the RSSIE reaction was incomplete. For Ga-MFI-0.5, the H"/H 'u-mr1 value
decreased from 38% to 18% with an increase in the H> treatment temperature from 550 to 700 °C. When
Ga/Al was increased to 1.0, H'/H u-mr1 was low (12% and 18% at 700 °C and 800 °C, respectively). The
higher H/H u-mr1 value for Ga-MFI-1.0(800) than (700) is ascribed to the higher proportion of [GaHz2]"
ions that require one Al sites.

From the above results, the speciation of Ga species in Ga-MFI prepared under different Ga/Al ratios and
H> treatment temperatures is summarized as follows. [GaH]*" ions were preferentially formed in the low
Ga loading (Ga/Al =0.3), whereas the middle Ga loading (Ga/Al = 0.5) resulted in the moderate formation
of both [GaH]*" and [GaH:]" ions. In the high-loading Ga-MFI (Ga/Al = 1.0) treated with H> at a high
temperature of 800 °C, the proportion of [GaHz2]" ions was the highest. In addition, the RSSIE reaction
almost completely occurred, leading to the predominant formation of [GaH2]" ions and Ga" cations as Ga

hydrides and other Ga species, respectively. This result can be ascribed to the preferential formation of
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monovalent Ga species ([GaHz]" ions and Ga™ cations) rather than divalent Ga species ([GaH]*" ions)

under high Ga loading conditions above Ga/Al = 0.5.

2.3.2. In situ XAS measurements for Ga-MFI-0.3(550) and 1.0(800)

Iglesia et al. proposed the formation of Ga hydrides in Ga-MFI based on the lower energy shift in the
XANES spectrum and the disappearance of EXAFS features*’ while Hensen et al. attributed the shift to
the formation of Ga™ cations.®® Wilkinson reported the XAS spectra for Ga* cations supported on p”-
ALOs or in GaZr2(PO4)3, where their absorption edge energies were much lower than that for Ga** in
ZnGa204.%" Hock et al. recently performed the synthesis and XAS measurements of several
organometallic model Ga complexes and concluded that the lower energy shift is equally interpreted as

the formation of Ga* cations and Ga hydrides.®
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Fig. 2. In situ Ga K-edge XAS spectra of Ga-MFI-0.3(550) and 1.0(800) (pink and blue lines,
respectively) before and after RSSIE (dot and solid lines, respectively). The spectra before RSSIE were
obtained at 200 °C whereas the ones after RSSIE were recorded at the same temperature as Ha treatment.

For references (Ga203, Ga"Ga®"Cls), the spectra were obtained at room temperature.

In this work, in situ XAS measurements of Ga-MFI-0.3(550) and 1.0(800) were conducted and then the
obtained spectra were compared. The self-supported disk of the corresponding Ga20s3-modified MFI
zeolite after calcination was exposed to a 10% H2/He flow at 200 °C and thereafter heated to 550 or 800 °C
in a quartz cell to promote RSSIE reactions, as mentioned above. During the H2 treatment, the XAS
spectra were continuously recorded until the spectrum remained unchanged. The absorption edge of the
XANES spectrum of Ga-MFI-0.3(550) and 1.0(800) before RSSIE was quite similar to that of bulk Ga>0O3
(Fig.2, Eo=10372.0,10371.8, and 10371.6 eV, respectively. Eo denotes the energy of the absorption edge,
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defined as the first inflection point). Note that the XAS measurements of Ga-MFIs before RSSIE were

performed at 200 °C while the XAS spectra of reference samples were obtained at room temperature.

After the H» treatment at each temperature, the XAS spectra were recorded without exposure to air at the
same temperatures (550 or 800 °C). The absorption edge shifted to a lower value in the energy in both
cases (Eo = 10368.1 and 10368.3 eV for Ga-MFI-0.3(550) and 1.0(800), respectively), which are almost
the same as that of Ga™ in Ga"Ga*"Cl4 (Eo = 10369.3 eV)>>%? (Fig. 2). However, the intensity of the peak
around 10370 eV is much higher for Ga-MFI-1.0(800) than Ga-MFI-0.3(550). The stronger peak for Ga-
MFI-1.0(800) is ascribed to the occurrence of sufficient RSSIE reaction and the exclusive formation of
isolated Ga species ([GaH]*" and [GaH2]" ions as well as Ga" cations), which is consistent with the FTIR

results as discussed above.

2.3.3. EDH reaction using Ga-MFI-X(Y)

Next, the catalysis of a series of Ga-MFIs was compared in EDH reaction. This transformation is
promising for obtaining C2Ha, which is one of the most important bulk chemicals in industries, because
of the increasing availability of cheap C2Hs from shale gas.®*~%° In comparison with the oxidative EDH,
the high selectivity for C2H4 is obtained owing to the absence of an oxidant. Cracking reactions without
catalysts are commercially operated, but severe reaction conditions above 1000 °C are required. In
addition, rapid cooling of the outlet gas is necessary below 800 °C to suppress the successive reaction of
C2Ha. To decrease the reaction temperature, catalytic EDH has been investigated using mainly Pt-based
alloys, Cr, and Ga catalysts.®*®> However, most catalysts are easily deactivated owing to coke formation.
In the context of EDH using Ga-MFI, the Ga-MFI with low-to-medium Ga/Al values have been studied
previously**°2, but the dehydrogenation catalysis of high-loading Ga-MFI has been rarely investigated.
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Fig. 3. (a) Conversion and selectivity in EDH using different Ga-MFI-X(Y). Reaction conditions: 100 mg
of Ga-MFI-X(Y), 10 mL/min of 10% C2Hes/He, and 660 °C. (b) TPO profiles of a series of Ga-MFTI after
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reaction for 2 h. (c) Plots of reciprocals of k4 in dehydrogenation tests and Aco2 in TPO experiments
(indexes of durability and coking suppression, respectively) as a function of relative amount of the
remaining BASs based (H"/H 1-mr1). Upper and lower inset pictures are the Ga-MFI-1.0(800) and 0.3(550)

after reactions for 2 h, respectively.

Table 1. Conversion, selectivity, and carbon balance values at 1, 15, and 30 h in EDH catalyzed by Ga-
MFI-X(Y)?

Catalyst Time [h] Conv. [%]°>  Sel.[%]®  Carbon balance [%]° ka [h7']°

GaMFI-0.3(550) 1 79 55 34 0.190
15 18 97 96

GaMFI-0.5(550) 1 72 47 52 0.187
15 21 96 100

GaMFI-0.5(700) 1 54 62 62 0.115
15 18 94 97

GaMFI-1.0(700) 1 56 91 61 0.090
15 26 91 99
30 25 90 97

GaMFI-1.0(800) 1 43 89 85 0.024
15 35 91 99
30 33 91 98

3Reaction conditions: 100 mg of Ga-MFI-X(Y), 10 mL/min of 10% C2Hs/He, and 660 °C. "Determined
by GC-FID. More information is presented in Sl. “Deactivation rate for 15 h of reaction. The determination

is described in SI.

22



The EDH using Ga-MFI-X(Y) was carried out at 660 °C (Fig. 3a and Table 1). Ga-MFI-0.3(550),
prepared under conventional conditions, exhibited a high initial conversion (78%), but the selectivity
for C2Hs was quite low (55%) at 1 h. The conversion of Ga-MFI-0.3(550) immediately decreased to
about 20% within 3 h. Ga-MFI-0.5(550) also exhibited a similar initial conversion and selectivity (72%
and 47%, respectively), whereas the conversion decreased to 22% after 8 h. Increasing the H> treatment
temperature from 550 to 700 °C (Ga-MFI-0.5(700)) improved the C2Has selectivity to 62% with a slight
decrease in the initial conversion to 55%, leading to slightly better durability. When Ga/Al was
increased from 0.5 to 1.0, the C2Ha4 selectivity was significantly enhanced, reaching about 90%.
Although the initial conversion of Ga-MFI-1.0(800) (43%) was lower than that of Ga-MFI-1.0(700)
(55%), the durability of Ga-MFI-1.0(800) was much better. The conversion of Ga-MFI-1.0(800) after
30 h of reaction was still higher than 30%, whereas that for Ga-MFI-1.0(700) decreased to less than
30% at 10 h. The deactivation rate (ka)®> for the 15 h reaction was calculated and thereafter compared
among a series of Ga-MFIs. The k4 value increased in the order of Ga-MFI-1.0(800) < 1.0(700) <
0.5(700) < 0.5(550) < 0.3(550), indicating that Ga-MFI-1.0(800) exhibited the highest durability.
Under the optimized reaction conditions using Ga-MFI-1.0(800), the C2H4 formation rate reached 72.1
mmol/(g-h) with good conversion and selectivity values (28.5% and 92.6%, respectively) as well as a
low deactivation rate (0.014 h'") (Fig. 4). This formation rate is the highest among the reported Pt-free
catalysts (Table S1 in in ESIT)>%:¢7567-74 A fter the reaction, Ga-MFI-1.0(800) could be regenerated
by oxidation treatment (a 5% O2/He flow at 600 °C for 1.5 h) followed by Hz treatment at 800 °C. The
regenerated catalyst exhibited similar initial conversion and selectivity values to the original values

(See Fig. S5 in ESIY).

ULl VAN N N N Y " —— i

X 807 —A— Selectivity

= ] —@— Conversion

ﬁ 60

Z 407

S I

8 W.\._H\H
20_ I

0% ' 10 ' 20 ' 30
Time [h]

23



Fig. 4. Ga-MFI-1.0(800)-catalyzed EDH under optimized conditions. Reaction conditions: 50 mg of

Ga-MFI-1.0(800), 10 mL/min of 50% C:He¢/He, and 660 °C.

Temperature-programmed oxidation (TPO) experiments were conducted for the Ga-MFI-X(Y) used
for the 2 h reaction. The generated CO: by coke oxidation was monitored by mass spectroscopy (m/z
= 44), and the corresponding peaks were compared. The peak areas (4coz2) for Ga-MFI-0.3(550) and
0.5(550) were much larger than those for others, and the Aco2 for Ga-MFI-1.0(800) was the lowest
(Fig. 3b). These results demonstrate that coke formation was suppressed by the increase in Ga loading
and H> treatment temperature. To further discuss the reason for coke formation, the reciprocal of k4 as
an index of durability and that of Acoz as an index of coking suppression were plotted as a function of
the remaining BASs, H"/H u-mr1 (Fig. 3¢). The trends of these plots were similar, which clearly shows
that coke formation was the main cause of deactivation. This is also supported by a comparison of the
color of the used Ga-MFI. The Ga-MFI-0.3(550) changed from white to black owing to coke formation
after 2 h of reaction, whereas the most durable Ga-MFI-1.0(800) exhibited a gray color (the inset
pictures in Fig. 3¢). Among the tested Ga-MF]I except for Ga-MFI-1.0(800), the 1/4co2 value increased
with a decrease in H'/H n-mr1, indicating that the remaining BASs induce coke formation. However,
the 1/Acoz2 value for Ga-MFI-1.0(800) was much higher than that for Ga-MFI-1.0(700) despite the
same Ga loading and a higher H'/H"1-mr1 value. The higher proportion of [GaH2]" ions among isolated
Ga hydrides ([GaH2]" and [GaH]*" ions) might be the reason for lower coke formation for Ga-MFI-
1.0(800). Although the high-loading Ga-MFIs treated with Hz at lower temperature below 600 °C has
been studied as proton-poor Ga-MFI for cyclodimerization of propane by Price et al. the
characterization of Ga species and BASs as well as their effects on catalysis were not investigated.
This study revealed the importance of high-temperature Hz treatment and the influence of proportion

of active Ga hydrides in high-loading Ga-MFTIs.

2.3.4. Feasibility of isolated Ga hydrides as active sites based on kinetic studies
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The reaction mechanism for alkane dehydrogenation has been discussed by several research
groups.>**¢7677.78 [ ercher et al. theoretically investigated the PDH mechanism on the pair of Ga*
cations and BASs via the formation of [GaH]*" ions and reported the experimental activation enthalpy
for PDH as 106 kJ/mol. > Bell et al. show in the recent theoretical study for EDH that [GaH]** and
[GaH2]" ions are more plausible catalytically active sites than Ga" cations and propose the following
reaction mechanisms; alkyl or carbeinum mechanism on [GaH]*" ions, and alkyl or concerted
mechanism on [GaH2]" ions.® Alkyl mechanism involves the C:H4 formation from a pair of
[GaH(C2Hs)]"/H" as a rate determining step (RDS) with a theoretical activation enthalpy (theoretical
AH*) of 150 kJ/mol whereas a theoretical AH* is predicted as 118 kJ/mol for the carbenium mechanism
on [GaH]*" ions where both the C—H activation of C2Hs into a pair of [GaH2]"/C2Hs" and the formation
of C2Hs and H2 from [GaH2]"/C2Hs" are possibly RDSs. For [GaH2]" ions, the alkyl mechanism
involves C—H activation of C2He as an RDS with the theoretical AH* of 115 kJ/mol, and the concerted
mechanism does not compete with the alkyl mechanism owing to a high free energy barrier. These
distinctions in reaction mechanisms imply that EDH reactions over [GaH]*" and [GaH2]" ions show
different kinetics. The same group also reported that [GaH]*>" and [GaH:]" ions exhibited similar
activity for EDH using Ga-MFI with a different loading amount (Ga/Al = 0.05-0.6) where [GaH]*"
ions and [GaH2]"-BAS cation pairs are formed from Ga cations.’! However, the kinetic study was
performed for only the medium-loading Ga-MFI (Ga/Al = 0.5) possessing both [GaH]*" and [GaH2]"

ions, and they discussed the kinetics for EDH over [GaH2]" ions.
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Fig. 5. Kinetic studies using Ga-MFI-0.5(550), 1.0(800), and 1.0(700). C>Hs4 formation rate
dependence on (a) p(C2Hs) and (b) reaction temperature. Reaction condition for (a): 0.1 g of catalyst,
50 mL/min of 2—8% C2He/He, and 600 °C. Reaction condition for (b): 0.1 g of catalyst, 50 mL/min of

4% C2He/He, and 550—610 °C.

In this study, Ga-MFI-1.0(800) and 0.3(550) were used for kinetic studies as Ga-MFIs with the highest
proportion of [GaH2]" and [GaH]*" ions among tested catalysts, respectively. In the EDH using Ga-
MFI-1.0(800), the increase of C2Hse partial pressure (p(C2He)) increased the formation rate, and the
reaction order was 0.56 (Fig. Sa), which suggests that the RDS involves C2He activation. The apparent
AH* determined experimentally from the temperature dependency of the C2Ha formation rate was 110
kJ/mol (Fig. Sb), which is similar to that in the experimental study reported by Bell et al. using Ga-
MFIL.>! These observations support that [GaH2]" ions are the active sites in Ga-MFI-1.0(800). In the
case of EDH using Ga-MFI-0.3(550), the reaction order with respect to p(C2Hes) was determined as
0.20 (Fig. 5a), and the apparent AH* was determined to be 70 kJ/mol (Fig. 5b), demonstrating the
different kinetics from Ga-MFI-1.0(800). Although the obtained AH* value was lower than the
theoretical values reported by Bell et al., the low reaction order value suggest that [GaH]*" ions is
more plausible active sites rather than rather [GaH2]" ions. Furthermore, the kinetics of Ga-MFI-

1** ions.

1.0(700) was investigated to discuss the influence of different proportion of [GaH2]"/[GaH
The reaction order of p(C2Hs) was intermediate (0.39) while the apparent AH* was determined to be
97 kJ/mol, which indicate that both [GaH2]* and [GaH]*" ions contribute to the EDH using Ga-MFI-

1.,5¢ the EDH reaction over

1.0(700). Based on the previous TS calculations reported by Bell et a
[GaH]*" ions involve the in situ formation of BASs and/or carbocations as relatively stable
intermediates, which possibly induce the coke formation. In contrast, in situ generated BASs after
C—H bond cleavage via alkyl mechanism smoothly reacts with the coordinated hydrides with the small
free energy barriers in the EDH via alkyl mechanism on [GaH2]" ions. The similar difference in
P

reaction mechanism between [InH2]" and [InH]*" was also found in our recent study on EDH using
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In-exchanged zeolites.> It can be considered that the abundance of in situ generated BASs and/or
carbocations during EDH is lower for [GaH:2]" ions than for [GaH]*" ions. Combined with our
experimental results and prior discussion, [GaH2]" ions are likely to act as more selective and coke-
resistant active sites compared to [GaH]** ions in EDH. The high selectivity and durability of Ga-MFI-
1.0(800) is ascribed to both the low amount of remaining BASs and the main formation of [GaH2]"

1ons.

2.4. Conclusion

In summary, we prepared a series of Ga-MFIs with different Ga loading amounts and Ha treatment
temperature and examined the generated Ga species and catalysis for EDH. In situ FTIR spectroscopy
revealed that [GaH]*" ions were preferentially formed in low-loading Ga-MFI (Ga-MFI-0.3(550)),
prepared under conventional conditions, whereas both [GaH]*" and [GaH:2]" ions were moderately
formed in the middle-loading Ga-MFI (Ga/Al = 0.5). In contrast, [GaH2]" ions were formed as the
major Ga hydride in Ga-MFI-1.0(800). The characterization of other Ga species and BASs indicated
that high-temperature H2 treatment was required to promote the RSSIE sufficiently for high-loading
Ga-MFI. In Ga-MFI-1.0(800), monovalent Ga species ([GaHz]" ions and Ga* cations) are mainly
formed. The difference of Hz treatment temperature between 700 and 800 °C also affects the proportion
of [GaH]*" and [GaH:]" ions in high-loading Ga-MFI. In EDH, Ga-MFI-1.0(800) exhibited high
selectivity owing to much less coke formation, resulting in the highest durability. Under the optimized
reaction conditions, the highest C2H4 formation rate was achieved among the reported Pt-free catalyst
systems. The kinetic study revealed that isolated Ga hydrides serve as active sites rather than Ga*
cations. The main reason for the high catalytic performance of Ga-MFI-1.0(800) is a low amount of
the remaining BASs by introducing the high loading amount of isolated Ga species. Based on the
comparison of high-loading Ga-MFIs treated with different temperature (700 or 800 °C), the different

proportion of active Ga hydrides ([GaH2]" and [GaH]* ions) also influences their catalysis in EDH.
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Chapter 3

Ga speciation and ethane dehydrogenation catalysis of Ga-CHA and MOR: Comparative
investigation with Ga-MFI
3.1. Introduction

Zeolites are crystalline aluminosilicates comprising tetrahedral SiO4 and AlO4 units. These
tetrahedral SiO4 or AlO4 units are connected by sharing oxygen atoms to develop uniform porous
frameworks. Because the isomorphic substitution of Si*" with AI** leads to a negative charge in zeolite
frameworks, cation species such as protons exist in the pores connecting with Al sites to maintain
charge neutrality '. Through ion-exchange methods, cationic metal species can be introduced to
synthesize metal-exchanged zeolites that can be used as heterogeneous catalysts to promote gas-phase
and liquid-phase catalytic reactions >'!. Various types of zeolites comprising different frameworks
have been developed, and their catalytic performance varies accordingly '*'7,

Group 13 metal-exchanged zeolites for light-alkane transformations have attracted considerable
attention. In particular, Ga-exchanged MFI (Ga-MFI) zeolites have been one of the most important
research topics for light-alkane dehydrogenation for over 30 years '®2!. Several Ga species, such as
Ga-oxides, GaO", Ga*, and Ga-hydrides, have been reported to be active sites 2228, Various types of
Ga-oxide-based catalysts have been developed for alkane dehydrogenation; however, the catalysts
deactivate quickly owing to coke formation ?>2°3°. Some studies have reported that isolated Ga-
hydrides possess alkane dehydrogenation capabilities ***?. The possibility of Ga-hydride formation
was first proposed by Iglesia’s group via an in situ XAS study during RSSIE reactions *!. Several
research groups have since comprehensively studied the speciation of Ga-hydrides in MFI and/or
catalysis for dehydrogenative alkane transformations. Kazansky’s group reported the formation of two
kinds of Ga-hydrides in the form of [GaHz]" and [GaH]** via in situ infrared (IR) spectroscopy *°. For
propane and butane dehydrogenation, [GaH]*" was independently proposed as the active site rather
than [GaH:]" by the research groups of Bell *’*°, Lercher *°, and Xu **. Both Ga-hydrides, as reported

by Bell’s group,* are active for ethane dehydrogenation.
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Ga-hydrides in MFI may also promote the dehydrogenative aromatization of ethylene, as reported
by Rimer and co-authors **. Other zeolite-supported Ga catalysts have been experimentally and
theoretically studied by a few research groups ***°. Buckles et al. synthesized Ga*"-exchanged Y
zeolites via a liquid-phase ion-exchange reaction to study the mechanism of the propane
dehydrogenation reaction, where Ga-Y exhibited lower activity than Ga-MFI *. Hensen et al.
conducted DFT calculations of Ga-oxo cations in MOR zeolites. The cyclic Ga202>" ions were much
more stable than the isolated GaO" ions in MOR (Si/Al = 23), and in situ hydrolysis of the reduced
extra-framework Ga species was regarded to promote alkane dehydrogenation facilitating high activity
4 The excellent activity and selectivity of the SAPO-11 zeolite-supported Ga catalyst in butane
dehydrogenation was also reported by Machado and co-authors “. Vazhnova et al. compared the
activity of Ga-loaded MFI and TON zeolites in butane aromatization, where Ga* ions are proposed as
active species 4’. Despite Ga-hydrides being regarded as active sites for alkane dehydrogenation over
Ga-MFlI, the possibility of Ga-hydride formation in other zeolites, and their relationship with catalysis

have not yet been reported.

Recently, our group investigated In- 8 and Ga- *° exchanged zeolites for selective ethane
dehydrogenation. In-CHA was found to show high selectivity and durability, where [InH2]" is the most
plausible active site rather than In* or [InH]*", as revealed by experimental and theoretical studies. The
different zeolite frameworks (CHA, MFI, and MOR of 8-, 10-, 12-membered ring zeolites,
respectively) are closely related to ethane dehydrogenation catalysis, and the active [InHz2]" ions are
possibly formed only in CHA zeolites *°. More recently, the effect of the loading amount on the
generation of Ga species in MFI and ethane dehydrogenation has been reported *°. [GaH2]" is mainly
formed in the high-loading Ga-MFI (Si02/A1203 = 22.3, Ga/Al = 1.0 with Hz at 800 °C) and serves as
a selective and coke-resistant active site, yielding the highest ethylene formation rate among Pt-free

catalyst systems *°. However, the effect of zeolite frameworks on Ga-hydride formation and ethane

dehydrogenation catalysis has not yet been investigated.
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Herein, the formation of Ga-hydrides and catalysis in ethane dehydrogenation of Ga-CHA and
MOR was investigated using zeolite supports with similar Si02/Al203 ratios (22.3 and 18.3 for CHA
and MOR, respectively) and identical preparation conditions (Ga/Al = 0.3, Hz at 550 °C, and Ga/Al =
1.0, with Hz at 800 °C, denoted as 0.3(550) and 1.0(800), respectively). It was found that more Ga-
hydrides were formed in the MOR than in CHA. In ethane dehydrogenation, the high-loading Ga-
MOR exhibited the best ethylene selectivity and durability among the tested Ga-CHA and -MOR
catalysts, although the ethane conversion value was lower than that for the high-loading Ga-MFI
previously developed #. The impact of Ga-hydride formation in different zeolites on ethane

dehydrogenation catalysis is also discussed.

3.2. Experimental
3.2.1. Catalyst preparation

A series of Ga-CHA and -MOR were synthesized by the RSSIE method in a similar manner to

4 First, Ga203-modified zeolites were prepared by impregnation of

previous our study
Ga(NO)3-nH20 (n = 7-9, Wako) on NH4'-type CHA (SiO2/Al203 = 22.3, Tosoh) and H'-type MOR
(S102/A1203 = 18.3, Tosoh) , followed by drying in an oven and calcination at 500 °C for 1 h under air
flow. The Ga/Al ratio (Ga/Al = 0.3 or 1.0) was determined based on the amount of Ga precursor
(Ga(NO)3.nH20), and zeolite. After the calcined samples were prepared, RSSIE reactions were
conducted via Hz treatment (10 mL/min of 10% Hz/He) for 1 h. The treatment temperatures were

550 °C for Ga/ Al = 0.3 and 800 °C for Ga/Al = 1.0. The obtained samples were denoted as Ga-CHA-

X(Y) or Ga-MOR-X(Y) (X: 0.3 or 1.0, Y: 550, or 800).

3.2.2. Characterization

3.2.2.1 X-ray diffraction (XRD)

XRD experiments were performed using a Rigaku MiniFlex II/AP diffractometer with Cu Ka
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radiation. H-CHA was prepared by the calcination of NH4"-type CHA at 500 ° C for 1 h under air flow.

After the RSSIE reaction, Ga-CHA and Ga-MOR were exposed to air and subsequently characterized.

3.2.2.2 Fourier-transform infrared (FT-IR) spectroscopy for Ga-hydrides formation by RSSIE

FT-IR spectroscopy was conducted using a homemade in situ quartz cell and FT/IR-4100
(JASCO) with a mercury cadmium telluride (MCT) detector. The Ga20O3-modified zeolite (40 mg) was
made into a self-supported disk and placed into the cell. The background spectrum was recorded at
50 °C in a He atmosphere prior to the measurement. The disk sample was treated with 10% Hz/He at
different temperatures (550 °C for Ga/Al = 0.3 and 800 °C for Ga/Al = 1.0) to promote the RSSIE
reaction. In each case, the sample was treated with 10% Hz/He for 1 h and cooled to 50 °C in a H>
atmosphere without exposure to air. The first IR spectrum was recorded after purging with He. Next,
the obtained sample was treated at 800 °C under He flow for 1 h to decompose the generated Ga-
hydrides. The second spectrum was recorded at 50 °C. The first spectrum was subsequently subtracted

from the second spectrum to obtain a third spectrum.

3.2.2.3 FT-IR spectroscopy for Py and NH3 adsorption experiments

Disk samples of Ga-CHA or Ga-MOR were prepared in situ in a quartz cell as described above.
The temperature was decreased to 150 °C to obtain the background spectrum in a He atmosphere.
Approximately 1 mL of Py was introduced using a syringe with continuous recording of the IR spectra.
This dosing procedure was repeated until the band corresponding to the adsorbed Py was saturated.
The final IR spectrum was obtained after purging the sample with He for 15 min. For the NH3
adsorption experiment, background spectra were obtained at 50 °C in He atmosphere, and then, 10%
NHs/He flow was introduced until the peak at approximately 1450 cm™, corresponding to adsorbed
NH3 on Bronsted acid sites (BASs), was saturated °!. After purging with He for 15 min to remove NH3,

the final IR spectrum was recorded.

3.2.2.4 In situ XAS measurement
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XAS measurements were conducted using the BL14B2 station at SPring-8. The disk sample of
Ga203/CHA or Ga203/MOR was set into a cell and heated to 550 or 800 °C based on the Ga loading
amount as described above, and thereafter, the first spectrum was recorded. Then, 10% H2/He was
introduced to promote the RSSIE reactions of Ga203/CHA or Ga203/MOR with continuous recording

until the spectrum was saturated.

3.2.2.5 Temperature programed oxidation (TPO) experiment

Temperature programed oxidation (TPO) measurements were conducted 2 h after reaction
commencement, using 50 mg of the catalyst. The catalyst was set into a flow-type reactor connected
to a BELmass (MicrotracBEL). Initially, the sample was treated with He at 100 °C for 30 min, followed
by 10% O2/He (50 mL/min), with the temperature increasing to 800 °C at 10 °C/min. The amount of

CO2 generated by coke oxidation (m/z = 44) was recorded throughout.

3.2.2.6 H-D exchange experiment

The H-D exchange reactions were carried out for the pellet of Ga-exchanged zeolite after RSSIE
using the homemade in situ cell described above. Prior to the reaction, the background spectra were
obtained under He at 50 °C. The disk samples were treated with 10 mL/min of 10% D2/He at 400 °C
for 30 min. The IR spectra were then recorded at 50 °C under He to monitor a negative band for Ga—H

stretching vibration and a positive band for Ga—D stretching vibration.

3.2.3. Catalytic test
3.2.3.1 Non-oxidative ethane dehydrogenation

The ethane dehydrogenation over Ga-exchanged zeolites (Ga-MOR and Ga-CHA) was carried
out at 660 °C in a flow-type reactor at atmospheric pressure. Before the catalytic reaction, catalysts
were prepared in situ under 10% Hz2/He flow for 30 min at 550 °C or 800 °C. After cooling to 660 °C

under H2/He flow and subsequent purging with He, the gas reactant (10% C2He/He) was introduced at
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660 °C. The conversion, selectivity, and yield were determined by GC and calculated using the

following equations:

ethanel;,;; — [ethane
Conv. [%] = [ [eiz;;e]F ' I 100
init

Selec. [%] = [ethylene] % 100
e ol = [ethylene] + [methane]

Yield [%] = [Conv.] X [Selec.] x 100

The deactivation rate was calculated by the following equation according to previous paper: >

1—Conv.gng\ 1—Conv.gtqrt
ln( Conv..ng ) ln( Conv.grart )

ka(h™) = t

The Conv.g ey and Conv..,, represent the initial and end conversions, respectively. t (h)
represents the reaction time. A lower Kd value indicates less deactivation and increased durability of

the catalyst.

3.2.3.2 Kinetic study for ethane dehydrogenation

The kinetic study of ethane dehydrogenation was conducted in the same flow-type reactor. The
reaction conditions were as follows: for C2Hs partial pressure (0.02—0.08), balanced with He (total
flow rate: 50 mL/min), at a reaction temperature of 600 °C. For the formation rate dependency on
reaction temperature (550-610 °C), the partial pressure of C2He was 0.04, and balanced with He (total

flow rate: 50 mL/min).

3.3. Result and discussion
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3.3.1. Characterization of Ga-CHA and Ga-MOR

XRD experiments were conducted on Ga-CHA and -MOR to confirm the preservation of the
zeolite framework after the RSSIE reactions (Figure 1). Any diffraction peak derived from Ga oxide
species was not observed in the XRD patterns before RSSIE, suggesting that the small or amorphous
Ga oxide species possibly exist after calcination. For CHA zeolites, the spectra of the Ga-exchanged
zeolite after RSSIE reactions were almost identical to proton-type zeolites, indicating that the CHA
zeolite frameworks were maintained by Hz treatment at 550 or 800 °C. While in the case of MOR
zeolites, the peak intensity for Ga-MOR-0.3(550) remained almost unchanged. However, the peak
intensity for Ga-MOR-1.0(800) decreased slightly, implying that the MOR zeolite framework was
partially destroyed by high-temperature Hz treatment at 800 °C. The low angle shift was hardly
observed between the H-type zeolites and the Ga-exchanged zeolites in both cases, which indicates
that the Ga species are mostly immobilized at Al sites and that the incorporation of Ga species in

zeolite framework is unlikely to occur. The similar result was reported by Serykh. 5
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Figure 1. XRD patterns of proton-type and Ga-exchanged CHA and MOR zeolites

In situ FT-IR measurements were performed to investigate the formation of Ga-hydrides in the
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Ga-CHA and MOR. IR spectra were obtained using a method similar to that used in our recent work
on Ga-MFIs (Figure 2) *°. Monovalent [GaH2]" and divalent [GaH]*" in MFI show an IR peak derived
from the Ga—H stretching vibration at approximately 2040 cm™ and 2060 cm™, respectively *¢. Ga-
CHA-0.3(550) showed almost no peak derived from Ga—H stretching vibration, indicating that few
Ga-hydrides were formed. Increasing the Ga/Al ratio from 0.3 to 1.0 and H> treatment temperature
from 550 °C to 800 °C (Ga-CHA-1.0(800)), a peak at 2050 cm™ was detected. In the case of Ga-MOR,
low Ga loading Ga-MOR-0.3(550) exhibited two peaks with wavenumbers of 2077 and 2050 cm™.
These peaks were assigned to [GaH]*" and [GaH2]", respectively. Contrastingly, Ga-MOR-1.0-(800)
showed a main peak assignable to [GaH2]* at 2050 cm™', with a much higher intensity compared to
Ga-CHA-1.0(800). These results indicate Ga-hydrides were also formed in other zeolite frameworks,
such as CHA and MOR. The formation of Ga-hydrides was supported by H-D exchange reactions.

The results are discussed in section 3.5.

I0.01
Ga-CHA-0.3(550)

Ga-CHA-1.0(800) }

Absorbance [a.u.]

Ga-MOR-1.0(800)

2200 2100 2000 1900
Wavenumber [cm '1]

Figure 2. Difference IR spectra of Ga-exchanged CHA and MOR with different loading amounts and
H2 treatment. The spectra were recorded at 50 °C. Difference spectra were obtained by subtracting the

spectra after He treatment at 800 °C from that after H> treatment.

Py adsorption experiments were conducted to investigate other Ga species after the RSSIE
reaction. Py was introduced after recording the background, and the dosing procedure was repeated
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until the saturation of the band corresponded to adsorbed Py. The IR spectra were collected after
complete adsorption of Py, followed by He purging (Figure 3). As recently reported, Py adsorbed onto
BASs, Ga*, and GaOx displayed peaks at approximately 1555, 1457, and 1446 cm!, respectively 40434,
In our recent study, the peak intensity of GaOx was hardly observed for Ga-MFI-1.0(800), confirming
that the RSSIE occurred completely by high-temperature H> treatment. The lower-temperature H>
treatment for low-loading Ga-MFI, however, resulted in the presence of remaining GaOx species. A
similar result was obtained for Ga-MOR. When the Ga/Al ratio and H> treatment temperature were
increased from 0.3 to 1.0 and from 550 °C to 800 °C, respectively, the peak intensity of Ga” cations
(1457 ecm™) increased while the peak intensity of GaOx (1445 cm™) and remaining BASs (1555 cm™)
decreased, suggesting that higher Ga loading and H> treatment temperature also improve the RSSIE
reaction in the MOR zeolite. The pore size of CHA is the smallest among the three kinds of zeolites.

Py might be too large to access into the pore, so that the adsorbed Py was hard to be detected.

] o1
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Ga-MOR-1.0(800)

1600 1550 1500 1450 1400
Wavenumber [cm '1]

Figure 3. IR spectra of Py adsorbed Ga species in Ga-CHA and Ga-MOR at 150 °C. The spectra were

recorded after the Py adsorption was saturated and purged by He.

The remaining BASs after the RSSIE were also measured using NH3 adsorption experiments.
After the RSSIE reaction, the temperature was decreased to 50° C and purged with He, followed by
NHs/He (10%) until the peak at approximately 1450 cm™, corresponding to adsorbed NH3 on BASs

[51], reached saturation. The IR spectra for adsorbed NH3 were recorded after He was purged to
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remove gaseous NHs.
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Figure 4. IR spectra of adsorbed NHs on Ga-CHA and Ga-MOR recorded at 50 °C. The spectra were

recorded after the NHs adsorption was saturated and purged by He.

The peak area was normalized to that of the proton-type zeolite (H-CHA or H-MOR) to determine
the relative amount of BASs. The remaining BASs over Ga-CHA-0.3(550) were determined to be 48%.
An increase in the Ga loading and H> treatment temperature (Ga-CHA-1.0(800)) decreased the
remaining BAS to 17%. Similar results were obtained for Ga-MOR, where the remaining BASs were
72% and 34% for Ga-MOR-0.3(550) and 1.0(800), respectively. A high Ga loading is effective for

reduction of the remaining BASs.
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Figure 5. In situ Ga K-edge XAS spectra of (a) Ga-CHA and (b) Ga-MOR and reference samples
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(Gaz20:3). The spectra of low and high Ga loading zeolites during RSSIE were obtained at 550 or 800 °C,

respectively. Reference spectra were obtained at room temperature. (approximately at 25 °C)

Furthermore, in situ XAS measurements were conducted for low- and high-loading Ga-CHA and
MOR during RSSIE reactions. The disk of Ga20O3-modified zeolite was set into a cell and heated under
He to the requisite temperature (550 °C for Ga/Al = 0.3 and 800 °C for Ga/Al = 1.0, respectively).
With continuously recording the X-ray absorption near edge structure (XANES) spectra, the gas flow
was changed to Hz/He to initiate the RSSIE reaction. The final spectrum was obtained when the
spectrum remained unchanged. The absorption energy of Ga-CHA-0.3(550) and 1.0(800) before
RSSIE was determined as Eo= 10366.8 and 10367.0 eV, respectively, which were nearly the same as
that of the bulk Ga>03 (Eo= 10366.9 e¢V) (Figure 5a). In the FT-EXAFS spectra of the Ga-CHA and
Ga-MOR (Figure S1), the peak derived from Ga—O—Ga shell was much lower in intensity compared
to that for Ga203, supporting the presence of small or amorphous Ga oxide species before RSSIE.
After the RSSIE reaction, the XANES spectra of Ga-CHA-0.3(550) and Ga-CHA-1.0(800) showed
strong peaks at approximately 10364 eV, and the absorption edge shifted toward lower energy values
(Eo=10363.1 and 10363.3 eV, respectively). Although the assignment of these species is controversial,
the spectral changes were interpreted as the formation of isolated Ga species in zeolites, including Ga*
55 and Ga-hydrides *® ((GaH]*" and [GaH2]") *’. Similar spectral changes induced by RSSIE reactions
were observed for Ga-MOR (Figure 5b). When the XANES spectra were compared between 0.3(550)
and 1.0(800), the intensity of the peak at approximately 10363 eV was higher for 1.0(800) in both
cases (Ga-CHA and Ga-MOR). Together with the IR results, high-temperature Hz treatment was
necessary for the formation of isolated Ga species. The similar conclusion was obtained in our previous

paper for Ga-MFIs ¥.

3.3.2. Comparative investigation of Ga-exchanged zeolites in ethane dehydrogenation

Ethylene is an important building block for producing many chemicals, such as polymers,
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oxygenates, and some important chemical intermediates 3%, Steam cracking of alkanes is the most
widely used method to produce ethylene. However, extremely high temperatures are required, and
coke formation is heavy. Catalytic non-oxidative ethane dehydrogenation has been a potential
technology to produce ethylene under milder conditions *°%%°, In general, Pt- 3206 and Cr- 46
based catalysts are widely used in non-oxidative ethane dehydrogenation, but the utilization of these
catalysts suffers from poor durability due to coke formation or metal sintering of Pt particles in current
reactions. Apart from the commonly used catalysts, other metal-based catalysts, such as Fe- %7, Co-
% Joaded zeolites, have also been reported to exhibit a high C2H4 formation rate or selectivity, while

rapid coke formation is still unavoidable.

Recently, we found that the high-loading Ga-MFI (Ga/Al = 1.0, H2 at 800 °C, denoted as Ga-
MFI-1.0(800)) worked as a selective and coke-resistant catalyst for ethane dehydrogenation. Good
initial conversion and selectivity (43% and 89%, respectively) were obtained with a low deactivation
rate (0.024 h!' for 15 h) at 660 °C *. The high catalytic performance was ascribed to both the low

amount of remaining BASs and the main formation of [GaH2]" ions as active isolated Ga-hydrides.

In this study, Ga-CHA and Ga-MOR were prepared in situ by RSSIE. Catalytic reactions were
carried out under the same reaction conditions as those above (Figure 6 and Table 1). Ga-CHA-
1.0(800) exhibited better selectivity (90%) than Ga-CHA-0.3(550) (73%), while the initial conversion
values were similar (33% and 27%, respectively) (Figure 6a). Conversion decreased with increasing
reaction time for both Ga-CHA-0.3(550) and 1.0(800). The deactivation rates (kd) for 220 min were
almost identical (0.25 and 0.28 h™!, respectively). Both low- and high-loading Ga-CHA showed low

durability despite the decrease in the relative amount of remaining BASs with increasing Ga loading.

Contrastingly, Ga loading strongly affected the durability of Ga-MOR. The low-loading Ga-
MOR-0.3(550) catalyst exhibited moderate initial conversion and selectivity values of 37% and 70%,

respectively (Figure 6b and Table 1). However, conversion quickly decreased from 37% to 14% after
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220 min, with a k4 of 0.37 h!. Ga-MOR-1.0(800) showed good selectivity (90%) and maintained the
initial conversion (20%) for 220 min, although the conversion was much lower than that of Ga-MFI-
1.0(800) (43%, Table 1, comparison of the time course is shown in Figure S2. The product distribution

with considering coke formation is summarized in Table S1).

Increased Ga loading improved the durability of Ga-MOR in ethane dehydrogenation. A similar
trend was reported for Ga-MFI-1.0(800) and showed increased durability (ka = 0.013 h™! for 220 min)
compared to the low-loading Ga-MFI (Ga/Al = 0.3, Hz at 550 °C, ka = 0.65 h'') ¥°. TPO experiments
for the catalysts after 2 h (Figure 7) showed that significant coke formation had occurred for Ga-CHA-
0.3(550), Ga-CHA-1.0(800), and Ga-MOR-0.3(550). Notably, coke formation was suppressed over
Ga-MOR-1.0(800) in the same level of the Ga-MFI-1.0(800) *°. High Ga loading is also effective in

suppressing coke formation over Ga-MOR, improving durability.
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Figure 6 C2Hs dehydrogenation by using (a) Ga-CHA and (b) Ga-MOR. Reaction conditions: 100 mg

of Ga-exchanged zeolite, 10 mL/min of 10% C2Hes/He, 660 °C.
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Table 1. Conversion, selectivity, carbon balance and deactivation rate (kd) value in EDH catalyzed by

Ga-CHA, MOR, and MFI?

Catalyst Time [min] Conv. [%]°  Sel. [%]° Carbon balance [%]° ka [h1]°

Ga-CHA-0.3(550) 20 33 74 89 0.25
220 17 88 99

Ga-CHA-1.0(800) 20 27 90 95 0.28
220 12 93 100

Ga-MOR-0.3(550) 20 37 70 76 0.37
220 14 96 97

Ga-MOR-1.0(800) 20 20 95 100 0
220 20 95 97

Ga-MFI1-1.0(800)¢ 20 43 88 85 0.013
220 42 91 99

dCatalyst: 100 mg of Ga-CHA, Ga-MOR and Ga-MFI. Reactant gas: 10% C:He¢/He. Total flow rate:

10 mL/min 10%. Temperature: 660 °C. "Determined by GC-FID. °The determination of the

deactivation rate is described in the experimental section. YThe catalytic test was previously

investigated *°. The results are shown for comparison with those of Ga-CHA and MOR.

Figure 7 TPO results of a series of Ga-exchanged zeolite after reaction for 2 h.
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3.3.3. Kinetic study for high-loading Ga-exchanged zeolites
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Figure 8. Kinetic study for C2Hs dehydrogenation by using Ga-CHA-1.0(800) and Ga-MOR-1.0(800).
C2H4 formation rate dependency on (a) p(CzHs) and (b) reaction temperature. Reaction conditions:
100 mg of catalyst, (a) 50 mL/min of 2-8% CzHs/He, 600 °C. (b) 50 mL/min of 4% C2Hes/He, 550-

610 °C. The results for Ga-MFI-1.0(800) were reported in our previous paper *°.

The reaction mechanism for ethane dehydrogenation on isolated Ga species has previously been
investigated *74%6°7! Bell’s group discussed the reaction mechanisms of [GaH]*" and [GaH2]" ions
for ethane dehydrogenation in a theoretical study 7. The alkyl mechanism of [GaH]** ions involve
C2Ha4 formation as the rate-determining step (RDS), whereas the RDS can be both C2He activation and
C2Hs formation in the carbenium mechanism on [GaH]*" ions. For the [GaH:]" ions, the alkyl
mechanism is most plausible, in which the RDS is C2Hs activation. We recently reported a relatively
high reaction order of ethane partial pressure (p(C:He)) (0.56) for Ga-MFI-1.0(800) possessing
[GaH2]" ions as the dominant Ga-hydrides, whereas a low reaction order of p(C2Hs) (0.20) was
observed for Ga-MFI-0.3(550) having [GaH]*" ions as major Ga-hydrides *°. Combined with recent
literature, the reaction order of p(C2Hs) would be an indicator to consider active Ga-hydrides, [GaH]*",

and [GaH2]" ions.

Kinetic studies were conducted for Ga-CHA-1.0(800) and Ga-MOR-1.0(800) under the same
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reaction conditions as those previously reported to discuss the active Ga species for ethane
dehydrogenation. It was difficult to obtain reliable kinetic data for Ga-MOR-0.3(550) (Figure S3),
which might be due to rapid deactivation. Hence, kinetic data for the low-loading Ga-exchanged
zeolite were excluded from this discussion. The reaction orders of p(C2Hs) for Ga-MOR-1.0(800) and
Ga-CHA-1.0(800) were determined as 0.63 and 0.27, respectively (Figure 8a). The reaction
temperature dependence of the ethylene formation rate (Eyring plot) was also investigated to evaluate
the apparent AH* (Figure 8b). The AH* values for Ga-MOR-1.0(800) and Ga-CHA-1.0(800) were
106 kJ/mol and 77 kJ/mol, respectively. The reaction order of the p(C2Hs) and AH* values for Ga-
MOR-1.0(800) are quite similar to those for Ga-MFI-1.0(800) and are consistent with the alkyl
mechanism on [GaH:]" ions, as proposed by Bell 7> [GaH:]" ions are likely active Ga-hydrides in
ethane dehydrogenation on Ga-MOR-1.0(800). In the case of Ga-CHA-1.0(800), the low reaction
order of p(C2Hs) (0.27) indicates that C2Ha formation is involved in the RDS, suggesting that [GaH]*"

ions are more plausible active Ga-hydrides than [GaH2]" ions.

3.3.4. H-D exchange experiment

Although the apparent AH* for Ga-MFI-1.0(800) was similar to Ga-MOR-1.0(800) and higher
than Ga-CHA-1.0(800), the catalytic performance of Ga-MFI-1.0(800) was superior. To determine the
reason for the higher catalytic performance, H-D exchange experiments were conducted and
monitored by FT-IR spectroscopy for a series of Ga-exchanged zeolites (Figure 9a). After the RSSIE
reaction (Hz at 550 or 800 °C) for the IR disk of Ga20Os3-modified zeolites, recording of background
spectra at 50 °C under He, the Ga-zeolites were treated with D2 at 400 °C to investigate the exchange
reactions. The temperature was then decreased to 50 °C and IR spectra recorded. Negative bands
derived from the consumption of Ga-hydrides (~2050 cm™) and positive bands assigned to Ga-
deuteride appeared (~1470 cm™), indicating the occurrence of H-D exchange reactions. This supports
the formation of Ga-hydrides in different zeolites. Among the tested catalysts, the highest intensity of

the negative band was obtained for Ga-MFI-1.0(800). The relationship between the relative amounts
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of Ga-hydrides in zeolites and catalytic performance was plotted. The ethylene yield at 3 h (as an index
of steady-state activity) was plotted as a function of negative intensity at 2050 cm™' (Figure 9b). A
positive linear relationship was observed, which showed that the highest relative amount of Ga-
hydrides in Ga-MFI-1.0(800) is one of the main reasons for the superior catalytic performance,
although different active Ga-hydrides depending on the zeolite frameworks and Ga loading amounts

should also be considered.
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Figure 9. (a) IR spectra of H-D exchange experiments in Ga-CHA, MOR and MFI-1.0(800) at 50 °C.
The catalysts were treated with D2 at 400 °C for 15 mins after Hz treatment at 800 °C. (b) Plot of
ethylene yield value at 3 h in ethane dehydrogenation tests and intensity at 2050 cm™ as a function of

amount of the Ga-hydrides.
3.4. Conclusion

We investigated the effect of different zeolite frameworks (CHA and MOR) on Ga speciation and
ethane dehydrogenation catalysis for comparison with Ga-MFIs. The formation of Ga-hydrides in
CHA and MOR zeolites after RSSIE was confirmed by FT-IR spectroscopy, indicating that Ga-
hydrides were more likely to be formed in MOR than CHA. The formation of other isolated Ga species
was confirmed by Py adsorption experiments and in situ XAS spectroscopy. Increasing the Ga loading
was found to be effective in reducing the remaining BASs in both zeolites. These results are similar to
those obtained in our recent study of Ga-MFIs *°. Regarding ethane dehydrogenation catalysis, an

increase in Ga loading improved the durability of Ga-MOR, whereas both low- and high-loading Ga-
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CHA exhibited low durability. However, the catalytic performances of Ga-CHA and -MOR were
inferior to those of the previously developed high-loading Ga-MFI catalyst *°. The high catalytic
performance of MFI was discussed based on kinetic studies and H-D exchange reactions. [GaH2]"
ions are plausible active Ga-hydrides in the high-loading Ga-MOR, as seen with Ga-MFI, whereas
different kinetics were observed for the high-loading Ga-CHA. The H-D exchange reactions over a
series of Ga-exchanged zeolites indicate that the highest relative amount of Ga-hydrides is one of the
reasons for the high catalytic performance of MFI. This study revealed the formation of Ga-hydrides
in other zeolite frameworks other than MFI and suggests that formation of more isolated Ga-hydrides

is key to developing more efficient Ga-zeolite-based catalysts for alkane dehydrogenation.
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Chapter 4

In situ Ga K-edge XANES study of Ga-exchanged zeolites at high temperatures under

different atmospheres including vacuum, CO, and pressurized H;

4.1. Introduction
Ga-exchanged zeolites have been recognized as promising catalysts for the transformation of light

alkanes. For example, Ga-exchanged MFI zeolites (Ga-MF]Is) have been extensively studied for the
dehydrocyclodimerization (DHCD) of propane to aromatics (the Cyclar process), which involves
propane dehydrogenation to propylene and successive cyclodimerization of the generated propylene.'~
3 Ga-exchanged zeolites were prepared via the reductive solid-state ion-exchange (RSSIE) reaction of
Ga20s3 with Brensted acid sites (BASs) in the presence of reductants such as H2. Reduced Ga species,
such as Ga* cations and isolated Ga hydrides ([GaH]*"/[GaH2]"), are considered active sites for
propane dehydrogenation in the absence of oxidants, while cyclodimerization possibly occurs over
BASs.*!7 Catalysis of the dehydrogenative transformations of other light alkanes by Ga-MFIs has
also been studied. Several research groups have investigated the formation of reduced Ga species in
different ratios by Fourier transform infrared (FTIR) spectroscopy using probe molecules as well as
their relationship with the dehydrogenation catalysis of Ga-exchanged zeolites.”%!1%12.1318 However,
the pressure and temperature for catalytic reaction conditions (atmospheric alkane flow conditions
and >600 °C) are often different from those for catalyst characterization (vacuum conditions, <300 °C).
Besides, unreacted GaOx species often remained especially in the Ga-MFIs prepared under high Ga
loading and/or reported temperature (500-600 °C),'"!? which hinders the elucidation of active Ga
species. For the GaxOs-based system, solid-state NMR measurements were performed to observe the
surface Ga hydrides on the Ga oxides at relatively high reaction temperatures (relatively low pressure
and up to 400 °C)." Although the aforementioned spectroscopic studies have provided important
insights into the formation and presence of Ga hydrides upon Ha treatment, the characterization of Ga-

exchanged zeolites under operating conditions has rarely been investigated.

X-ray absorption spectroscopy (XAS) is a physicochemical characterization technique used to study
the local structure of materials because it is sensitive to the electronic structure of the targeted atoms.
One of the advantages of XAS over other characterization techniques is its applicability to in situ
spectroscopic studies under operational conditions, such as heterogeneous catalytic reactions.?’ In the
context of in situ XAS studies of Ga-exchanged zeolites, the occurrence of a lower-energy shift in the
XANES spectra by Hz activation, including RSSIE, has been reported by a few research groups,

regardless of the preparation method.>”!121"24 Jglesia et al. proposed the formation of Ga-hydride
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species based on the energy shift and disappearance of the extended X-ray absorption fine structure
(EXAFS) features, > whereas the formation of Ga™ cations was considered by other research groups®>%3.
Hock et al. recently discussed this shift in XANES spectra based on organometallic model Ga
complexes where the lower energy shift can be ascribed to the formation of both reduced Ga species?.
Despite considerable effort devoted to XANES studies on reduced Ga species in zeolites, their
speciation (Ga" cations or Ga hydrides) remains controversial.

Recently, our research group developed the high-loading Ga-MFls as an effective catalyst for non-
oxidative ethane dehydrogenation (EDH) at 660 °C.?° High-temperature Hz treatment (800 °C) is
essential to promote RSSIE, where unreacted GaOx species are not detected, and isolated Ga species
are exclusively formed. Isolated Ga-hydride species were present even after high-temperature RSSIE
and then decomposed by He treatment above 800 °C. In this work, we first examined in situ XANES
measurements under the following two identical conditions: H2 at 800 °C for RSSIE and hydride
formation and He at 850 °C for hydride decomposition. It was found that the absorption edges had
equally low energy values, whereas the whiteline intensities depended on the measurement conditions;
a higher intensity was obtained under Hz flow than under He flow. Based on these results, in situ
XANES measurements under CO, vacuum, and pressurized Hz (1-9 atm) conditions were also
conducted. The whiteline intensity increased with increasing Hz pressure from 1 to 6 atm, whereas the
CO and vacuum treatments afforded similarly lower whiteline intensities. The present in situ XANES
study of Ga-exchanged zeolites showed that the whiteline intensity was responsible for the presence

or absence of hydride sources.

4.2. Experimental

4.2.1. Synthesis of Ga203-modified MFI zeolite

Ga-modified MFI zeolite was synthesized using the impregnation method?®. One gram of NH4*-
type MFI zeolite (Tosoh, SiO2/Al20s = 22.3) was added to an aqueous solution containing an
appropriate amount of Ga(NO3)s*nH20 (n = 7-9, Wako), and water was evaporated from the mixture.
After drying, the resulting solid was calcined at 500 °C for 1 h in air. The loading amount (Ga/Al ratio)
was determined to be 1 based on the amounts of zeolite and precursor used in the synthesis. For the
other zeolites, NH4"-type CHA and H*-type MOR (SiO2/Al203 = 22.3, and 18.3, respectively) were
also supplied by Tosoh and used instead of the MFI. Ga20z modification was performed similarly.?®

4.2.2. In situ Ga K-edge XANES measurements under normal pressure conditions using a flow-type
cell

Ga K-edge XAS measurements under normal pressure conditions were conducted in transmission
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mode at the BL14B2 station attached to a Si(311) monochromator at SPring-8 (JASRI), Japan
(Proposal No. 2020A1695). A self-supported disk of a Ga20s-modified MFI (80 mg, ¢ = 10 mm) was
placed in a flow-type quartz cell. The XANES spectra were continuously recorded during the RSSIE
reaction under a 10% Hz/He flow while increasing the temperature from 200 to 800 °C. After the
RRSIE, the flow gas was changed to He and then increased to 850 °C. The XANES spectra of the
reference samples (B-Ga203 and Ga*Ga*Cls) were recorded at room temperature. Pellets of
Ga*Ga3*Cls were prepared in a glove box filled with Ar and used for measurements without exposure
to air. The obtained spectra were analyzed using Athena 0.9.26.2” The absorption edge (Eo) was
defined as the 1st inflection point, whereas the whiteline intensity was compared with the maximum
absorption (Abmax) at approximately 13071-13072 eV.

4.2.3. In situ Ga K-edge XAS measurements under pressurized and vacuum conditions using a batch-
type cell

XAFS measurements using a batch-type cell were conducted in BL14B1 at SPring-8 (Proposal Nos.
2021B3621 and 2022A3621). Because the maximum temperature of the apparatus is 700 °C, a powder
sample of Ga.Os-modified MFI was pretreated under Hz flow at 800 °C to promote the RSSIE reaction.
The obtained sample was cooled to ambient temperature and then exposed to air overnight for the
XAS measurements. During exposure to air, the reduced Ga species were considerably oxidized (see
below). The self-supported disks of oxidized samples were heated from ambient temperature to 700 °C
under vacuum conditions to dehydrate samples and then treated with 1 atm of 5% CO/He while
recording the XANES spectrum. After the spectra remained unchanged, the CO gas was removed by
vacuum treatment, and 1 atm of Hz was introduced. The measurement conditions were continuously

changed to vacuum, Cz2Hs (1 atm), and pressurized Hz (3, 6, and 9 atm).

4.2.4. EDH reaction over the CO-treated Ga-MFI

The EDH reaction over the CO-treated Ga-MFI was conducted in a flow-type reactor under
atmospheric pressure. Before the reaction, 20 mg of Ga203-modified MFI catalyst was treated with
10% Hz/Ar (10 mL/min) at 800 °C for 1 h. After purging with Ar to remove H2 and cooling the reactor
to room temperature, the catalyst was further treated with 10% O2/Ar at 200 °C for 30 min to promote
the oxidation of reduced Ga species in zeolites. The obtained catalyst was dehydrated under Ar flow
(10 mL/min) at 700 °C and then treated with 10% CO/Ar (10 mL/min) for 1 h, affording CO-treated
Ga-MFI. Before the EDH reaction, CO was removed by Ar purging, and the temperature was
decreased to 600 °C. The EDH reaction was carried out under 10% C2Hes/Ar flow (10 mL/min) at
600 °C. The conversion and selectivity were determined using a gas chromatography with a flame

ionization detector. Note that at 600 °C, the selectivity was kept above 99%, where the main by-
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product was methane. No other by-products were detected.

4.3. Results and discussion

In situ XAS measurements of Ga-MFI-1 (Ga/Al = 1, Hz treatment temperature at 800 °C) were
performed under different treatment conditions. The self-supported disk of the Ga203-modified MFI
zeolite was exposed to a 10% Hz/He flow at 200 °C and thereafter heated to 800 °C in a quartz cell to
achieve RSSIE. Before the H2 treatment, the absorption edge of the XANES spectrum was similar to
that of bulk Ga:0s (Fig. 1, black solid and gray dashed lines, Eo = 10374.1 and 10373.9 eV,
respectively.)

After Hz treatment at 800 °C, the absorption edge shifted to a lower energy (red solid line, Eo =
10370.6 eV), similar to that of Ga* in Ga*Ga>*Cls (brown dashed line, Eo = 10371.6 eV). Notably, the
whiteline intensity at 10371.7 eV was significantly strong (Abmax = 3.09). When the Ho-treated sample
was treated under He flow at 850 °C, the intensity of the whiteline around 10372 eV decreased (green
solid line, Abmax = 2.82), whereas the absorption edge remained unchanged (Eo = 10370.6 eV).
Because He treatment at high temperatures caused the decomposition of Ga hydrides in MFI, as
indicated by FTIR spectroscopy in our previous study?®, the change in the whiteline intensity may be
ascribed to the decomposition of Ga hydrides. To support the above considerations, the obtained
sample was re-treated under a 10% Haz/He flow at 800 °C. The whiteline intensity at approximately
10372 eV returned to the same level as that after the 1st H2 treatment (blue solid line, Abmax = 3.10),
whereas the absorption edge energy was maintained (Eo = 10371.0 eV). In a separate experiment, Ga
hydrides were regenerated by the Hz treatment of He-treated Ga-MFI-1, as demonstrated by in situ
FTIR spectroscopy?®. These observations indicate that both Ga hydrides and Ga* cations exhibit
similar absorption edges, whereas the whiteline intensity for the Ga hydrides is higher than that for
the Ga* cations. In the EXAFS oscillation spectrum of Ga-MFI-1 after the He treatment, the EXAFS
feature significantly decreased, and the spectrum pattern was quite different from that of Ga.0s° (Fig.
S1, see the ESI). The FT-EXAFS showed a small scattering peak at 2.7 A, which is shorter than that
for the Ga—Ga shell of Ga203 at 2.8 A (Fig. S2, see the ESI), possibly ascribed to the Ga—Al shell
of the extra-framework Ga species on the framework Al sites”?3, These observations are consistent
with our previous results from the FTIR study of pyridine adsorption, where the adsorbed pyridine on

unreacted GaOx was hardly observed?®, supporting the exclusive formation of reduced Ga species.
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Fig. 1. In situ Ga K-edge XAS spectra of Ga-MFI-1 recorded under various conditions and reference
samples (Ga203, Ga*Ga®"Cls). The spectrum before H> treatment was obtained at 200 °C, whereas
other spectra were obtained at the corresponding temperature (solid lines in different colors). For

reference, the spectra were recorded at room temperature (dashed lines in different colors).

To further investigate the difference in the whiteline intensity between Ga* cations and Ga hydrides,
H»-treated Ga-MFI-1 was exposed to air to oxidize the reduced Ga species on the ion-exchange sites,
and then reduced by CO at 700 °C instead of H2 to suppress the formation of hydride species. The
XANES spectrum of air-exposed Ga-MFI-1 exhibits an absorption edge at a high-energy position (Fig.
2, gray solid line, Eo = 10375.1 eV), confirming the re-oxidation of the reduced Ga species. The CO
treatment (1 atm of 5% CO/He) at 700 °C induced the shift of absorption edge to a lower value (red
solid line, Eo = 10370.7 eV), demonstrating that CO serves as the reductant of oxidized Ga species to
give reduced Ga species. The Abmax value was determined to be 2.80, which is similar to that of the

He-treated Ga-MFI-1, as discussed above.
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Fig. 2. In situ Ga K-edge XAS spectra of Ga-MFI-1 obtained under different conditions. All the spectra
were obtained at 700 “C, except for the first spectrum (black solid line), which was taken under room

temperature.
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Subsequently, 5% CO/He was replaced with Hz (1 atm) under isothermal conditions to promote the
formation of Ga hydride species. The whiteline intensity at approximately 10372 eV increased (blue
chain line, Abmax = 3.21), whereas the absorption edge energy was almost the same (Eo = 10370.7 eV).
When the Hz-treated sample was treated under vacuum conditions, the whiteline intensity decreased
to the same level as that after CO treatment (green solid line, Abmax = 2.76) while maintaining a low
absorption edge energy position. These phenomena indicate that the CO and vacuum treatments
afforded similar reduced Ga species (exclusive formation of Ga* cations) and that the H2 treatment
induced the formation of hydride-containing Ga species, resulting in higher whiteline intensity.

The vacuum-treated sample was treated with C2Hs without exposure to air. The whiteline intensity
was similar to that obtained after Hz treatment (gold chain line, Abmax = 3.21), whereas the absorption
energy was maintained (Eo = 10370.7 eV). Successive Hz treatment did not change its intensity or
absorption edge (purple dashed line), implying that similar hydride-containing Ga species were
possibly formed even under a C2Hs atmosphere.

In recent studies reported by Bell et al., Ga hydrides were thermodynamically less stable than Ga*
cations, and a higher Hz pressure was favorable for the formation of Ga hydrides”®. To further
investigate the effect of the Hz pressure, XAS measurements were performed under a pressurized H2
atmosphere. Fig. 3a and b show the XANES spectra and corresponding difference spectra (AXANES),
respectively. The plot of the difference of Abmax (denoted as AAbmax) as a function of Hz pressure is
also shown in Fig. 3c. An increase in the Hz pressure from 1 to 3 atm increased the Abmax value from
3.21to 3.37 (Fig. 3a). A further increase in the Hz pressure from 3 to 6 atm resulted in a slight increase
in the whiteline intensity (Abmax = 3.41). The whiteline intensity did not change when the H2 pressure
reached 9 atm (Fig. 3c). From this Hz-pressure-dependent spectrum change, the increase in the

whiteline intensity may be responsible for the formation of hydride-containing Ga species.
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Fig. 3. (a) Comparison of XAS spectra of Ga-MFI-1 under different Hz pressure (recorded at 700 °C).
(b) AXANES spectra of the one taken under pressurized H: treatment from the one taken under

vacuum condition. (¢) Plot of A4bmax as a function of Hz pressure.

From the above in situ Ga K-edge XANES study, although both Hz2 and CO treatments led to the
exclusive formation of reduced Ga species (Ga* cations and/or Ga hydrides), Ga-hydride species were
unlikely to be generated in the CO-treated Ga-MFI-1, resulting in different distributions of reduced
Ga species. Therefore, the CO- and H-treated Ga-MFIs would exhibit different EDH activities. To
examine this hypothesis, we investigated the EDH reaction over the CO-treated Ga-MFI-1 using a
flow reactor at 600 °C, and then the activity was compared with the Hz-treated Ga-MFI-1. Notably,
the C2Ha selectivity was maintained above 99%. The initial C2H4 yield (at 5 min) for the CO-treated
sample was approximately 6 %, which was lower than that of the Hz-treated sample at the same

temperature (approximately 10 %), demonstrating the different distributions of reduced Ga species
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between the CO- and Ha-treated Ga-MFIs. When the reaction time was extended to 100 min, the yield
value gradually increased from 6% to 9% and then leveled off (Fig. 4), which implies the in situ
formation of more active Ga species, possibly hydride-containing ones, from Ga* cations during EDH
reaction. This result seems consistent with the observed XANES spectral changes under the CO, Hz,
vacuum, and C2Hs conditions. Although the measurement and treatment temperature were much lower
(200 °C) than that in our case, the in situ formation of Ga hydrides from Ga cations with C2Hs has
been previously reported®. Unfortunately, the Ga-hydride species were not detected under the actual

operating conditions (10% CzHs flow at 600 °C) at this stage owing to coke formation and the dynamic
nature of surface hydride species??8,
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Fig. 4. Time course of C2H4 yield in EDH over CO-treated Ga-MFI-1 at 600 °C. The oxidized Ga-
MFI-1 was pretreated with 10% CO/Ar at 700 °C and then used for the EDH reaction. The detailed
experimental procedure is described in the Experimental section.

Recently, we conducted a comparative study of high-loading Ga-exchanged zeolites with different
types of frameworks (CHA and MOR) for the EDH reaction with Ga-MF1.2® Although the activation
energies of the three Ga-exchanged zeolites were similar, the steady-state C2Ha yields in the EDH
increased in the following order, Ga-MFI-1 > Ga-MOR-1 > Ga-CHA-1. This order is consistent with
the relative amount of active Ga hydrides as examined by the H-D exchange reactions between D2
and He-treated Ga-exchanged zeolites, indicating that isolated Ga hydrides are likely the active species
for EDH.?°

In this study, XANES measurements were performed under different conditions (CO, Hz, vacuum,
and CzHs) for oxidized Ga-CHA-1 and MOR-1, which were prepared similarly to oxidized Ga-MFI-
1. For Ga-CHA, a similar spectral change was observed depending on the measurement atmosphere,
although the AAbmax was much smaller (Fig. 5a). For example, the Abmax values obtained under

vacuum and C2Hs conditions were 3.10 and 3.21, respectively, where AAbmax was calculated as 0.11.
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This value was significantly smaller than that of Ga-MFI (AAbmax = 0.45). In the case of Ga-MOR,
CO treatment was not effective in promoting the reduction of oxidized Ga species in the zeolites (Fig.
S3, see the ESI). Hz treatment effectively reduced the oxidized Ga species, resulting in a sharp
absorption peak (Fig. 5b, Abmax = 3.39). Successive vacuum and C2Hs treatments induced similar
spectral changes, with Abmax values were 3.25 and 3.40, respectively, and AAbmax Was determined as
0.15.
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Fig. 5. In situ Ga K-edge XAS spectra of (a) Ga-CHA-1 and (b) Ga-MOR-1 under various conditions.

All the spectra were obtained at 700 °C, except for the first spectrum (black) taken at room temperature.

The correlation between A4bmax and the relative amount of Ga hydrides was investigated for the three
Ga-exchanged zeolites. The values of Ga-MFI-1, Ga-MOR-1, and Ga-CHA-1 are summarized in Table
S1. The negative IR intensity at 2050 cm™! in the H-D exchange reaction (as an index of the relative
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amount of Ga hydrides)26

was plotted as a function of A4bmax (Fig. 6a). A linear relationship is obtained,
showing that the increase in the whiteline intensity is interpreted as the formation of active Ga hydrides.
The C2Has yield after 3 h, as an index of the steady-state activity, was also plotted as a function of
AAbmax where a good linear relationship was observed (Fig. 6b), further supporting this interpretation.
Although the direct observation of active Ga hydrides under real operating conditions is quite difficult,
the above results and findings suggest that the Ga K-edge XANES measurement would be useful for
discussing the formation/decomposition of active Ga hydrides under catalytic reaction conditions.
Note that during the preparation of our manuscript, Scott and Vila reported that the whiteline intensity
of Ga hydrides was predicted to be lower than that of Ga™ cations in a theory-informed XAS study.**
They mentioned that the weak coordination of oxygen ligands is one of the key factors affecting the
whiteline intensity. The measurement atmosphere may also have affected the coordination
environment of the Ga species in our case. A theoretical study for the construction of a more realistic

model of the reduced Ga species, considering the coordination environments and measurement

temperatures, is required.
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Fig. 6. (a) Plot of negative IR intensity at 2050 cm™! after H-D exchange reaction between D2 and Ha-

treated Ga-CHA, MOR, and MFI (as an index of relative amount of active Ga hydrides) as a function
of the difference in maximum whiteline intensity between C2Hs and vacuum conditions (A4bmax). (b)
Plot of AAbmax as a function of C2Ha yield after 3 h in EDH (as an index of steady-state activity). The

IR intensity and yield values were obtained in our previous report?.

4.4. Conclusion

We conducted an in situ Ga K-edge XANES study for high-loading Ga-MFI prepared by high-
temperature H> treatment at high temperatures (> 700 °C) under different atmospheres. In the normal
pressure experiment, H2 treatment afforded a significantly lower energy shift and strong whiteline
intensity at the absorption edge of the XANES spectrum. Successive high-temperature He treatment
decreased the whiteline intensity while maintaining the absorption edge position in energy, and the
XANES spectrum returned to almost its original intensity. In situ XANES measurements of oxidized
Ga-MFI under CO, pressurized H2, and vacuum conditions showed that the whiteline intensity
increased with the increase of Hz pressure while the similary lower intensities were obtained under
CO and vacuum onditions. These results indicated that the increase in the whiteline intensity is
interpreted as the formation of active Ga hydrides. Notably, the C2He treatment resulted in a higher
intensity similar to that of the Hz treatment, suggesting the presence of hydride-containing Ga species
under real operation conditions. Similar spectral changes depending on the measurement conditions
were observed for Ga-CHA and Ga-MOR. The degree of spectral change correlated well with the
relative amount of Ga hydrides estimated by IR, as well as the steady-state EDH activity.
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Chapter 5

Anaerobic ammodehydrogenation of ethane to acetonitrile over Ga-loaded H-FER zeolite
catalysts
5.1. Introduction

Currently, CH3CN is commercially produced as a byproduct of propylene ammoxidation to
acrylonitrile (CH2=CHCN), and the production of CH3CN strongly depends on the demand for
CH>=CHCN.!? Therefore, an on-purpose technique for selective CH3CN production from abundant
C2He* ™! or C2Ha'?"'* could be an important alternative to the current industrial process.' Previously,
pioneering works by Li and Armor”'®!” showed the selective formation of CH3CN by the
ammoxidation of C2He (C2He+ NH3 + Oz reaction) over Co-exchanged zeolites. Recently, Xiang et al.
developed an alternative route: direct CH3CN synthesis by the anaerobic ammodehydrogenation of
C2Hg (C2Hg + NH3 reaction) over Pt- and Co-Pt-loaded MFI zeolites.'>!® Although the formation of
CH3CN from C2He and NHs is thermodynamically less favorable than the ammoxidation of Cz2He,
Xiang et al. demonstrated that the ammodehydrogenation method affords higher activity and
selectivity to CH3CN than the conventional ammoxidation process'®. To date, only two catalysts
(Pt/MFI and Co-Pt/MFI) have been reported for the ammodehydrogenation of C2Hes.'>!'® This
highlights the challenges in developing efficient catalysts for this new catalytic reaction.

Mechanistic studies by Xiang et al. showed a tandem dehydrogenation—amination—
dehydrogenation mechanism; the initial C2He dehydrogenation over the metal sites was followed by
amination between C2Hs and NHs to form ethylamine (CH3CH2NH2), which underwent further
dehydrogenation on the metal sites.!® Our group reported a series of studies on the anaerobic
dehydrogenation of C2Hg over Ga- and In-loaded zeolites.! 2! Knowing the high dehydrogenation
activity of these catalysts, we hypothesized that Ga- and In-loaded zeolites could be effective catalysts
for C2He dehydrogenation.

In this study, we investigated the selective CH3CN production from C2He and NH3 using Ga-

loaded zeolites under anaerobic conditions. Various zeolite supports, including MFI, MOR, Y, BEA,
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and FER, were compared for their catalytic activities, and the Ga-loaded FER zeolite exhibited the

highest activity. The Ga/HFER catalyst notably outperformed all the reported catalysts.

5.2. Experimental section

5.2.1. Catalyst preparation

The Ga/HFER catalysts were prepared using a conventional impregnation method. The Ga precursor,
Ga(NO)3'nH20 (n = 7-9, Wako), was mixed with H -type FER zeolite (SiO2/Al203 = 18.3, Tosoh) in
deionized water. Subsequently, water was removed from the mixture using a rotary evaporator,
followed by drying in an oven (100 °C, 12 h) and calcinating at 500 °C for 1 h under an air flow to
yield Ga20s-loaded HFER. Other Ga20s-loaded zeolites were prepared in a similar manner using
NH4"-type MOR (SiO2/Al203 = 18.3, Tosoh), MFI (SiO2/Al203 = 22.3, Tosoh), BEA (SiO2/AL203 =
17.5, Tosoh), and Y (SiO2/Al203 = 10.6, Tosoh). Ga203 was purchased from FUJIFILM Wako Pure

Chemical Co. (Osaka, Japan).

5.2.2. Catalytic testing

Catalytic tests were performed at atmospheric pressure using a fixed-bed flow reactor (Pyrex glass
tube) with an inner diameter of 12 mm. The catalyst powder (typically 0.1 g) placed in the reactor was
purged with He at 550 °C (0.5 h) before the reaction. The reaction temperature was measured inside
the catalyst bed using a thermocouple with a tip on the upper side of the catalyst bed. The gas stream
was fed into the reactor using mass-flow controllers. For ammodehydrogenation of C2He or C2Ha, the
reactor was fed with 2% CaHs (C2Ha) + 2.5% NH3/He mixture with a total flow rate of 20 mL min™'.
The products in the outlet gas were analyzed using a gas chromatography (GC) with flame ionization
detector and a Porapak Q column. The yield, conversion and selectivity values were determined based

on the following equations.

Acetonitrile yield [%] = [acetonitrile] e
cetonitrile yie 0] = fethane],
Methane yield [%] = —emanel 100
ethane yie T2 x [ethane]ip;;
Hydrogen cyanide
Hydrogen cyanide yield [%] = [Hydrogen cy ] x 100

2 X [ethane];yit

72



_ [ethylene]
Ethylene yield [%] = Tethane] x 100
init

) [ethane]
Ethane yield [%] = m x 100
init

ethanel;,;y — [ethane
Conv. [%]=[ Jinic — [ I 100
[ethane];p;

Selec. [%] = [acetonitrile] % 100
clec Lol = [ethane];,;; — [ethane]

A transient catalytic experiment and temperature-programmed surface reaction (TPSR) were
performed using a flow reactor connected to a mass spectrometer (BELMass, MicrotracBEL Corp.) to

analyze the outlet gas.

5.2.3. Catalyst Characterization

Ga K-edge extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge
structure (XANES) spectra were recorded in the transmission mode at the BLO1BI1 station attached to
a Si(311) monochromator at SPring-8 (JASRI), Japan (Proposal No. 2023A1931). Seventeen
milligrams of the samples (¢:7 mm) were pelletized into self-supported disks. Curve-fitting analyses

were performed using the REX version 2.5 program (RIGAKU).

5.3. Result and discussion
5.3.1 Catalysts screening for C;Hs ammodehydrogenation

Various metal-loaded MFI zeolite catalysts with similar loadings (M/Al = 1.0) were screened
for C2He ammodehydrogenation. The lower-loading Pt-MFI was also tested as a previously reported
catalyst. The reactions were conducted by flowing 2% C2He+2.5% NHs/He (total flow rate: 20 mL
min) over 0.1 g of the catalyst at 650 °C. The product yields and amount of unreacted C2Hs after a
reaction time of 25 min are shown in Fig. 1A. The CH3CN yield strongly depended on the loaded
metal and changed in the following order: Ga > Zn > Pt > In. The time course of CH3CN yield is

shown in Fig. 1B. The yield gradually decreased with increasing reaction time. Hereafter, the yields
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at a reaction time of 25 min are compared to discuss the effects of the catalyst type and reaction

conditions on the catalytic activity.
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Fig. 1. C2Hs ammodehydrogenation by metal-loaded zeolites. (A) Yields of products and unreacted
C2He. (B) Time course of CH3CN yields. Reaction conditions: 100 mg of catalyst, 650 °C, 2% C2He +

2.5% NH3/He (total flow rate: 20 mL min™).

Various Ga-loaded zeolites with similar Ga loadings (9.4-12.1 wt.%) and then tested for the
ammodehydrogenation of C2He at 650 °C. The compositions and pore sizes of the tested Ga-loaded
zeolites are summarized in Table 1. Ga/HFER, Ga/HMFI, Ga/HBEA, and Ga/HMOR had similar
Si02/Al20s3 ratios (18.3, 22.3, 17.5, and 18.3, respectively), with the same Ga/Al ratio of 1.0. For
Ga/HY, the Si02/A120s3 ratio was 10.6, and the Ga/Al ratio was 0.5. Fig. 2A shows a comparison of
the yields of the products and unreacted C2He observed at 25 min. The results showed that the CH3:CN
yield depended strongly on the zeolite type and changed in the following order: Ga/HFER > Ga/HMFI
> Ga/HBEA > Ga/HMOR > Ga/HY. The CH3CN yield decreases with increasing zeolite pore size
(Table 1). Fig. 2B shows the time course of CH3CN yield over the Ga-loaded zeolites. The yield

gradually decreased with increasing reaction time.
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Fig. 2. C:He¢ ammodehydrogenation using various Ga-loaded zeolites. (A) Yields of products and

unreacted C2Hs. (B) Time course of CH3CN yields. Conditions are the same as in Fig. 1.

Table 1. Characteristics and porosity of different Ga-zeolites.

Catalyst ~ Si/Al Ga/A  Galoading/ wt%  Pore size/ A

2 |

Ga/HFER 18.3 1 11.8 42x54
Ga/HMFI 223 1 9.7 5.1x355
Ga/HBEA 17.5 1 12.1 6.6x6.7
Ga/HMOR 183 1 11.8 6.5x7.0

Ga/HY 10.6 0.5 94 74x7.4

Ga/HFER catalysts with different Ga loadings and Ga-free HFER were prepared and tested
under standard conditions. Fig. 3 shows the effect of the Ga/Al ratio on the product yield. The Ga-free
HFER catalyst showed no activity in the dehydrogenation of C:Hes, and C2H4 (2.9% yield) was
produced as a main product. For the Ga/HFER catalysts, the CH3CN yield increased with increasing
Ga/Al ratio, whereas the C2H4 yield decreased with increasing Ga/Al ratio. These results indicate that
Ga is the main active species for the dehydrogenation of C2He to CH3CN. Based on the aforementioned
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results for catalyst screening, we adopted Ga/HFER with a Ga/Al ratio of 1.0 as the standard catalyst

for subsequent structural and catalytic studies.

100+
1 —o—gnch
80+ Cz"t
C,He
— HCN
R 604
o
$ 40
204 //0/‘
0<I/' 1 I T v 1 v 1 v
0O 0.2 04 06 08 1 1.2

Ga/Al

Fig. 3. Yields of products and unreacted C2Hg¢ versus the Ga/Al ratio of Ga/HFER catalysts. Conditions

are the same as in Fig. 1.

5.3.2. Characterization of Ga species in Ga/HFER

In the literature, atomically dispersed Ga-exchanged zeolites have been prepared by loading Ga203 on
zeolites using a conventional impregnation method, followed by Ha treatment at high temperatures
(500-800 °C) to promote reductive solid-state ion exchange (RSSIE) reactions.?>?* The precursors of
the Ga-zeolites catalysts tested in the current study were also prepared by a conventional impregnation
method, followed by calcination. However, Ga(Ill) oxide species can be transformed into isolated Ga
species by RSSIE during the ammodehydrogenation of C2Hes, which continuously produces Ha at
650 °C. To study the structural changes in Ga species, we performed Ga K-edge EXAFS/XANES
measurements of Ga/HFER before and after the ammodehydrogenation of C2He at 650 °C. The results
are summarized in Table 2. Two comparative catalysts were prepared to identify the Ga species in the
standard catalyst. The first was a Ga(Ill) oxide-loaded KFER (H'-free FER) prepared using the
impregnation method, followed by calcination. Another comparative catalyst, Ga20O3 + HFER, was

prepared by physically mixing Ga203 (10 wt.%) with HFER. As shown in Table 2, the physically
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mixed Ga>03 + HFER catalyst exhibited a slightly higher CH3CN vyield than the Ga/HFER catalyst.

By contrast, Ga/KFER showed significantly lower CH3CN yields than Ga/HFER and Ga2O3 + HFER.

Table 2. C2Hs ammodehydrogenation by various catalysts.?

C2Hs ammodehydrogenation

Catalyst Yield Conversion  Selectivity = Rate of CH3CN formation
(%) (%) (%) (umol g*' min™)
Gaz0s3 + 31.5 65.5 48.1
112.5

HFER
Ga/HFER 253 49.9 50.8 90.5
Ga/KFER 0.7 29.7 2.2 23

HFER 0.4 11.3 3.2 1.3

# Conditions are the same as in Fig. 1.

The Fourier transforms (FTs) of the k’-weighted EXAFS before and after the catalytic
reaction are shown in Fig. 4A, together with the results for a reference compound Ga20s3. The structural
parameters, coordination number (CN), and interatomic distance (R) derived from the curve-fitting
analysis of the Ga K-edge EXAFS are listed in Table 3. The EXAFS spectrum of Ga/HFER shows
two peaks owing to the Ga—O and Ga—Ga shells. The curve-fitting analysis for Ga/HFER revealed 6.5
Ga—O bonds at 1.90 A and 2.3 Ga—Ga bonds at 3.05 A. The Ga—Ga shell parameters were nearly
identical to those of Ga20s. After the catalytic reaction at 650 °C, the EXAFS spectrum of Ga/HFER
(Ga/HFER_R) showed a peak owing to a Ga—O shell (5.6 Ga—O bonds at 1.87 A) and a Ga—Al shell
(1.2 Al atoms at 3.14 A). These results indicate that the Ga203 species in Ga/HFER are converted to
isolated Ga™" species at the cation exchange sites in the zeolite. The EXAFS spectrum of the physically
mixed Ga2Os3 + HFER showed two peaks corresponding to Ga—O and Ga—Ga shells. According to the
curve-fitting analysis of Ga203 + HFER, the CN and R of Ga—O are 5.5 and 1.87 A, respectively, while
those for the Ga—Ga shell are 2.7 and 3.08 A, respectively. The Ga-Ga shell parameters were nearly

identical to those of Ga20s. After the catalytic reaction at 650 °C, the EXAFS spectrum of Ga203 +
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HFER (Ga203+HFER_R) showed only the peak corresponding to a Ga—O shell (4.6 Ga—O bonds at
1.84 A). Fig. 4B shows the XANES spectra of the catalysts and reference compound Ga203. The
XANES features of Ga2O3 + HFER before the reaction are similar to those of Ga203. The XANES
spectrum after the reaction (red spectrum) has different features from those before the reaction. The
low-energy peak owing to the tetrahedral Ga(Ill) species is observed as the main peak. These results
indicate that the Ga203 species in Ga203 + HFER were converted to isolated Ga™" species, possibly on
the cation exchange sites in the HFER zeolite. To discuss the role of the cation exchange sites
(Bronsted acid sites), we performed EXAFS analysis of Ga/KFER after the reaction. The EXAFS
spectrum of Ga/KFER after the reaction showed both Ga—O and Ga—Ga shells, which indicates that
the Ga20s3 species in Ga/K-FER do not undergo solid-state ion exchange during the reaction. This
implies that the Bronsted acid sites, that is, the cation exchange sites of FER, act as anchoring sites of
the isolated Ga"™" species. Combined with the catalytic results (Table 2) that Ga/KFER showed a
significantly lower CH3CN yield than Ga/HFER and Ga203+ HFER, we conclude that the isolated Ga

sites formed by solid-state ion exchange during the reaction act as active sites for C:He

ammodehydrogenation.
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Fig. 4. (A) FT of k’-weighted EXAFS oscillations measured at room temperature (25 °C) for Ga/KFER,
Ga203/HFER, and Ga/HFER before and after reaction (red and black lines, respectively). (B) In situ

Ga K-edge XAS spectra of Ga/KFER, Ga203/HFER, and Ga/HFER before and after reaction and the
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reference Ga20s.

Table 3. Curve-fitting analysis of Ga K-edge EXAFS.

Sample Shell CN?® R/A®  o/A¢® R /% ¢

Ga20s+HFER O 5.5 1.87 0.114 2.1
Ga 2.7 3.08 0.031

Ga203+ HFER R O 4.6 1.84 0.081 1.3

Ga/HFER (@) 6.5 1.90 0.114 1.3
Ga 2.3 3.05 0.098

Ga/HFER R (0] 5.6 1.87 0.099 1.8
Al 1.8 3.14 0.032

Ga/KFER_R @) 5.4 1.90 0.119 1.7
Ga 34 3.06 0.106

GaMFI_H: 0] 3.9 1.91 0.119 2.0
Al 1.2 2.92 0.094
Ga 0.4 3.21 0.075

Gax0s3 @) 5.5 1.86 0.113 2.2
Ga 2.7 3.07 0.024

@ Coordination numbers. ® Bond distance. ¢ Debye-Waller factor. ¢ Residual factor.

5.3.3. Catalytic performance on Ga/HFER
The reaction conditions were screened for C2Hs ammodehydrogenation over Ga/HFER. Fig. 5A shows
the effect of the C2He/NH3 ratio on the catalytic performance. The C2He¢/NH3 ratio increased from 0.8

to 2, where the NH3 concentration was constant at 2.5%, and concentration of C2Hs increased from
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2% to 5%. The CH3CN yield (based on C2Hs) decreased from 28.0% to 17.9%, even though the
formation rate of CH3CN increased from 5.0 to 8.0 mmol-g 'min’'. Fig. 5B shows the effect of reaction
temperature on product yield. The CH3CN yield increases with temperature. Based on these results,

we adopted the reaction conditions in Fig. 1 (C2He/NH3 ratio of 0.8, 650 °C) as the standard conditions.
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Fig. 5. Reaction condition screening for C2He ammodehydrogenation by Ga/HFER: (A) C2He¢/NH3

ratio (650 °C, when NH3 is 2.5%, C2Hs 2-5%) (B) reaction temperature.

The Ga/HFER-catalyzed C2He¢ + NH3 reactions under oxidative and nonoxidative conditions
were investigated. Under anaerobic conditions (Fig. 6A), CH3CN was produced as the main product,
with an initial yield of 28.0%. Under oxidative conditions (Fig. 6B), the C2Hs + NH3 + 202 reaction
afforded CO: as the main product, and the initial yield of CH3CN was only 3.4%. Cofeeding of Oz
increased the yields of CO2, CO, CHas, and C2Ha. This indicates that Oz promotes the C2Hs combustion
and oxidative dehydrogenation of C2He. The combustion of C2Hs to CO2 and CO is one of the main
reasons for low CH3CN yields under oxidative conditions. Interestingly, most previous studies on the
catalytic C2He + NH3 transformation to CH3CN were based on the ammoxidation of C2He (C2He +
NHs + 20: reaction); hence, the presence of O2 significantly increased the CH3CN yield. *!'! The
current catalytic system is a rare example of the significant negative effect of O2 on C2Hs + NH3

transformation to CH3CN.
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Fig. 6. Time dependence of product yields for (A) ammodehydrogenation (2% C2He/2.5% NHs/He)

and (B) ammoxidation (2% C2He/2.5% NH3/8.6% O2/He) by Ga/HFER (0.1 g) at 650 °C.

Fig. 7 shows a plot of the selectivity of CH3CN versus the conversion of C2He based on the
results of previous reports on the C2Hs + NH3 + O2 ! and C2He + NH3 reactions '>'®, Most of these
studies were conducted under oxidative conditions. Li et al. reported that Co-beta catalysts can achieve
a high CH3CN vyield of up to 26.4% with a CH3CN selectivity of 55.3% at 475 °C.}” The Co-BEA
zeolites from the impregnation method exhibit a high selectivity towards CH3CN up to 90% and a
high conversion of C2Hs up to 48% at 450 °C.!! Direct CH3CN formation from C2Hes and NH3 under
anaerobic conditions was reported only by two groups. Denton et al. first investigated CH3CN
production from C: to Cs hydrocarbons ~70 y ago, and only 3 % yield of CH3CN from C2Hs was
achieved.? Xiang et al. recently reported that Pt/HZSMS5 showed a CH3CN selectivity of 99% with a
conversion of 1% at 350 °C.'® They also showed that Co-loaded Pt/HZSMS5 shows 18% CH3;CN
selectivity with 20% conversion at 600 °C. ¥ We compared the catalytic performance of a reported
catalyst with that of Ga/HFER. The Ga/HFER, under optimized conditions, achieves a good selectivity

for CH3CN (55.6%) at 78.8% conversion, which supersedes all the reported catalysts.
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Fig. 7. Catalytic performance comparison of the reference catalysts and Ga/HFER.

5.3.4. Mechanistic study

In this section, we report the kinetic and spectroscopic results and discuss the reaction mechanism.
Fig. 8 shows the yields of various products as a function of contact time for C:Hs
ammodehydrogenation on Ga/HFER. The reactions were conducted using different amounts of
catalyst. As the contact time increased, the yield of C2Ha decreased, and the yield of CH3CN increased.

This suggests that CH3CN is produced via a consecutive reaction pathway: dehydrogenation of C2He

to C2H4, which then reacts with NH3 to afford CH3CN.
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Fig. 8. Product yields vs. contact time for C2Hs ammodehydrogenation on Ga/HFER. Conditions: 50—

300 g catalyst, 650 °C, 2% C2Hs + 2.5% NHs/He (total flow rate: 20 mL min™).

The results of the kinetic studies of C2Hs ammodehydrogenation on Ga/HFER are shown in
Fig. 9. Fig. 9A and B show the dependence of the CH3CN formation rate on the C2He (p(C2Hs)) and
NH3 partial pressures (p(NH3)), respectively. The reaction order with respect to C2Hs was 0.27, which
was slightly higher than that of NH3 (0.17). This suggests that C2Hs is involved in a kinetically relevant
step, while NH3 is not involved in the slow step. The reaction rates of the model reactions (C2Ha
ammodehydrogenation and C2Hs dehydrogenation) and main reaction (C2Hs ammodehydrogenation)
are compared in Table 4. For Ga/HFER, the reaction rates changed in the following order: C2H4+ NH3
reaction to CH3CN > C2Hs dehydrogenation to C2Hs > C2He + NH3 reaction to CH3CN. This result is
consistent with the consecutive reaction pathway suggested by the results shown in Fig. 8. C2He was
dehydrogenated to C2Ha, which reacted with NH3 to yield CH3CN. The C2Hs dehydrogenation step
was slower than the CH3CN formation step. The Arrhenius plots for these reactions are shown in Fig.
9C. In the temperature range tested (610—580 °C), the rates change in the following order: C2H4+ NH3
> C2He dehydrogenation > C2He + NHs. From the slope of the plots, apparent activation energies for
C2Hs+ NH3 (62 kJ mol™), C2Hs dehydrogenation (177 kJ mol™), and C2Hs+ NH3 (81 kJ mol™!) were
estimated. The highest activation energy observed for C2He dehydrogenation suggests that the
dehydrogenation of C:He is the rate-limiting step in the CoHes + NH3 reaction. By contrast, the
relatively low activation energy for C2Hs + NH3 (62 kJ mol!) suggests that the CH3CN formation by
the C2Ha4 + NH3 reaction is a relatively facile process. These mechanistic considerations are consistent
with those derived from the reaction order analyses: C2He is involved in a kinetically relevant step,

while NH3 is not involved in the slow step.
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Fig. 9. Kinetic study for C2Hs ammodehydrogenation by Ga/HFER: (A) C2Hg reaction order and (B)
NH3 reaction order. (C) Arrhenius plot for Ga/HFER-catalyzed C:He dehydrogenation, C2He

ammodehydrogenation, and C2H4 ammodehydrogenation.

The reaction rates over Ga/HFER and HFER for the model reactions are compared in Table
4. The Ga/HFER catalyst showed higher activity than HFER for the C2H4 + NH3 reaction to give
CH3CN. For the C:He¢ dehydrogenation to C2H4, Ga/HFER showed higher activity than HFER.
Combined with the EXAFS results, these results indicate that the isolated Ga species act as active sites

for the initial C2He dehydrogenation step and the C2H4 ammodehydrogenation step.

Table 4. Rates of three reactions by Ga/HFER and HFER.

Formation rate of main product (CH3CN or C2H4) at 650 °C/ umol g™! min!

Reaction Ga-FER H-FER Ga/K-FER
C2He ammodehydrogenation 90.5 1.3 2.3
C2H4 ammodehydrogenation 183.8 43.7
C2H¢ dehydrogenation 110.5 26.4

The reaction of C2Hs with NHs produces CH3CH2NH2 as an intermediate that can be

dehydrogenated to CH3CN. We conducted transient reactions using Ga/HFER to elucidate the possible
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reaction pathway. First, NH3 was adsorbed on Ga/HFER by exposing it to a flow of 10% NHs/He at
400 °C (10 min). The system was then purged with He (30 min) to remove gaseous NHs. Thereafter,
C2Has was fed to the catalyst at 400 °C while monitoring the mass signals of the gas phase products as
a function of the time (Fig. 10A). Mass signals corresponding to C2Ha4 (m/z = 28), CH3CN (m/z = 41),
and CHsCH2NH2 (m/z = 45) were observed during transient reactions. Notably, CH3CH2NH: initially
formed was subsequently transformed into CH3CN. This suggests that C2Ha4 reacted with the adsorbed
NHs to yield CH3sCH2NH2, which was then converted into CH3sCN. We also performed a temperature-
programmed surface reaction (TPSR) experiment on NHs-preadsorbed Ga/HFER in C2Ha (Fig. 10B).
The catalyst, preexposed to a 10% NHs/He flow at 300 °C (10 min), followed by He purge (30 min),
was exposed to a C2Ha flow while ramping up the temperature from 300 to 700 °C at a ramping rate
of 10 °C min™!. Mass signals corresponding to CH3CN (m/z = 41) were recorded during the
temperature ramping. The observation of CHsCN formation by the reaction between CzH4 and

adsorbed NHs further confirms the proposed reaction pathway.
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Fig. 10. (A) Mass intensity of the gas phase products during the transient reaction of NH3 preadsorbed

Ga/HFER under 5% C2Ha4 at 400 °C. (B) TPSR profile for the reaction of NH3 preadsorbed Ga/HFER

under 5% C2Ha.

5.4. Conclusion

The findings of this study revealed that Ga/HFER is an effective catalyst for CH3CN synthesis via the
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anaerobic ammodehydrogenation of C2Hs. A Ga-free HFER and Ga-loaded K-exchanged FER
(Ga/KFER) are nearly inactive for this reaction, indicating that both Ga and Brensted acid sites are
indispensable elements. EXAFS results showed that the Gax03 species in the as-prepared Ga/HFER
catalyst are converted to isolated Ga cations after the C2He ammodehydrogenation at 650 °C, while
the Ga203 species in Ga/KFER remain unchanged after the reaction. The results indicate that the
Bronsted acid sites (exchangeable H' sites) of HFER act as the anchoring sites of the isolated Ga
cations, possibly formed by reductive solid-state ion exchange during the reaction, and the isolated Ga
sites act as active sites for C2Hs ammodehydrogenation. Kinetic analysis suggests that CH3CN is
produced via a consecutive reaction pathway: the dehydrogenation of C2He to C2Ha4, which reacts with
NHs to yield CH3CN. The cofeeding of Oz to C2He + NH3 significantly decreased the CH3CN yield
and formation of CO2 and CO as the main products, suggesting the importance of reductive conditions
in the current catalytic system. These findings have important implications for the development of

novel catalysts and processes for the synthesis of value-added chemicals from inexpensive feedstocks.
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Chapter 6

General conclusions

In this thesis, the author described the studies on the Ga-hydrides in zeolites for
dehydrogenative transformation of light-alkane. General conclusions are summarized as follows.

In Chapter 1, a brief introduction of Ga-hydrides in various zeolites for light-alkane
transformation.

In Chapter 2, we prepared a series of Ga-MFIs with different Ga loading amounts and Hz
treatment temperature and examined the generated Ga species and catalysis for EDH. /n situ FTIR
spectroscopy revealed that [GaH]*>" ions were preferentially formed in low-loading Ga-MFI (Ga-MFI-
0.3(550)), prepared under conventional conditions, whereas both [GaH]*" and [GaH:]" ions were
moderately formed in the middle-loading Ga-MFI (Ga/Al = 0.5). In contrast, [GaH2]" ions were
formed as the major Ga hydride in Ga-MFI-1.0(800). The characterization of other Ga species and
BASs indicated that high-temperature Hz treatment was required to promote the RSSIE sufficiently
for high-loading Ga-MFI. In Ga-MFI-1.0(800), monovalent Ga species ([GaH2]" ions and Ga" cations)
are mainly formed. The difference of Hz treatment temperature between 700 and 800 °C also affects
the proportion of [GaH]*" and [GaH2]" ions in high-loading Ga-MFI. In EDH, Ga-MFI-1.0(800)
exhibited high selectivity owing to much less coke formation, resulting in the highest durability. Under
the optimized reaction conditions, the highest C2H4 formation rate was achieved among the reported
Pt-free catalyst systems. The kinetic study revealed that isolated Ga hydrides serve as active sites
rather than Ga" cations. The main reason for the high catalytic performance of Ga-MFI-1.0(800) is a
low amount of the remaining BASs by introducing the high loading amount of isolated Ga species.
Based on the comparison of high-loading Ga-MFIs treated with different temperature (700 or 800 °C),
the different proportion of active Ga hydrides ([GaH2]" and [GaH]*" ions) also influences their
catalysis in EDH.

In Chapter 3, we investigated the effect of different zeolite frameworks (CHA and MOR) on
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Ga speciation and ethane dehydrogenation catalysis for comparison with Ga-MFIs. The formation of
Ga-hydrides in CHA and MOR zeolites after RSSIE was confirmed by FT-IR spectroscopy, indicating
that Ga-hydrides were more likely to be formed in MOR than CHA. The formation of other isolated
Ga species was confirmed by Py adsorption experiments and in situ XAS spectroscopy. Increasing the
Ga loading was found to be effective in reducing the remaining BASs in both zeolites. These results
are similar to those obtained in our recent study of Ga-MFIs. Regarding ethane dehydrogenation
catalysis, an increase in Ga loading improved the durability of Ga-MOR, whereas both low- and high-
loading Ga-CHA exhibited low durability. However, the catalytic performances of Ga-CHA and -MOR
were inferior to those of the previously developed high-loading Ga-MFI catalyst. The high catalytic
performance of MFI was discussed based on kinetic studies and H-D exchange reactions. [GaHz2]"
ions are plausible active Ga-hydrides in the high-loading Ga-MOR, as seen with Ga-MFI, whereas
different kinetics were observed for the high-loading Ga-CHA. The H-D exchange reactions over a
series of Ga-exchanged zeolites indicate that the highest relative amount of Ga-hydrides is one of the
reasons for the high catalytic performance of MFI. This study revealed the formation of Ga-hydrides
in other zeolite frameworks other than MFI and suggests that formation of more isolated Ga-hydrides
is key to developing more efficient Ga-zeolite-based catalysts for alkane dehydrogenation.

In Chapter 4, we conducted an in situ Ga K-edge XANES study for high-loading Ga-MFI
prepared by high-temperature Hz treatment at high temperatures (> 700 °C) under different
atmospheres. In the normal pressure experiment, H2 treatment afforded a significantly lower energy
shift and strong whiteline intensity at the absorption edge of the XANES spectrum. Successive high-
temperature He treatment decreased the whiteline intensity while maintaining the absorption edge
position in energy, and the XANES spectrum returned to almost its original intensity. In situ XANES
measurements of oxidized Ga-MFI under CO, pressurized Hz, and vacuum conditions showed that the
whiteline intensity increased with the increase of Hz pressure while the similarly lower intensities were
obtained under CO and vacuum conditions. These results indicated that the increase in the whiteline
intensity is interpreted as the formation of active Ga hydrides. Notably, the C2He treatment resulted in

a higher intensity similar to that of the Hz treatment, suggesting the presence of hydride-containing
90



Ga species under real operation conditions. Similar spectral changes depending on the measurement
conditions were observed for Ga-CHA and Ga-MOR. The degree of spectral change correlated well
with the relative amount of Ga hydrides estimated by IR, as well as the steady-state EDH activity.

In Chapter 5, the findings of this study revealed that Ga/HFER is an effective catalyst for
CH3CN synthesis via the anaerobic ammodehydrogenation of C2He. A Ga-free HFER and Ga-loaded
K-exchanged FER (Ga/KFER) are nearly inactive for this reaction, indicating that both Ga and
Bronsted acid sites are indispensable elements. EXAFS results showed that the Ga2O3 species in the
as-prepared Ga/HFER catalyst are converted to isolated Ga cations after the C:He
ammodehydrogenation at 650 °C, while the Ga203 species in Ga/KFER remain unchanged after the
reaction. The results indicate that the Brensted acid sites (exchangeable H' sites) of HFER act as the
anchoring sites of the isolated Ga cations, possibly formed by reductive solid-state ion exchange
during the reaction, and the isolated Ga sites act as active sites for C2Hs ammodehydrogenation.
Kinetic analysis suggests that CH3CN is produced via a consecutive reaction pathway: the
dehydrogenation of C2He to C2Ha, which reacts with NH3 to yield CH3CN. The cofeeding of O2 to
C2He + NH3 significantly decreased the CH3CN yield and formation of CO2 and CO as the main
products, suggesting the importance of reductive conditions in the current catalytic system. These
findings have important implications for the development of novel catalysts and processes for the

synthesis of value-added chemicals from inexpensive feedstocks.

Throughout all the studies, the author extensively investigated the catalytic properties of Ga-
hydrides in zeolites for dehydrogenative transformation of light alkanes. The study covered various
aspects, including the preparation of Ga-hydrides in MFI zeolites with different Ga loading amounts
and Ha treatment temperatures, the influence of zeolite frameworks (CHA and MOR) on Ga speciation,
and an in-depth analysis of high-loading Ga-MFI using in situ Ga K-edge XANES studies.
Additionally, the author explored the effectiveness of Ga/HFER as a catalyst for CH3CN synthesis
through anaerobic ammodehydrogenation of C:Hs. Throughout the thesis, the focus was on

understanding the formation and behavior of Ga-hydrides in zeolites and their impact on catalytic
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performance, shedding light on the development of efficient Ga-zeolite catalysts for alkane

dehydrogenation and the synthesis of value-added chemicals.
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